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Abstract

Although a myriad of pathological responses contribute to traumatic brain injury (TBI), cerebral dysfunction has been

closely linked to cell death mechanisms. A number of therapeutic strategies have been studied in an attempt to minimize

or ameliorate tissue damage; however, few studies have evaluated the inherent protective capacity of the brain. En-

dogenous neural stem/progenitor cells (NSPCs) reside in distinct brain regions and have been shown to respond to tissue

damage by migrating to regions of injury. Until now, it remained unknown whether these cells have the capacity to

promote endogenous repair. We ablated NSPCs in the subventricular zone to examine their contribution to the injury

microenvironment after controlled cortical impact (CCI) injury. Studies were performed in transgenic mice expressing the

herpes simplex virus thymidine kinase gene under the control of the nestind promoter exposed to CCI injury. Two weeks

after CCI injury, mice deficient in NSPCs had reduced neuronal survival in the perilesional cortex and fewer Iba-1-

positive and glial fibrillary acidic protein-positive glial cells but increased glial hypertrophy at the injury site. These

findings suggest that the presence of NSPCs play a supportive role in the cortex to promote neuronal survival and glial cell

expansion after TBI injury, which corresponds with improvements in motor function. We conclude that enhancing this

endogenous response may have acute protective roles after TBI.
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Introduction

Patients with traumatic brain injury (TBI) have severe

functional deficits for which there are currently few treatment

options. The pathophysiological sequelae of tissue damage after

TBI result from an acute and subsequent chronic phase of injury

that ends in cell death and neural circuitry dysfunction. Neuronal

death in the acute phase is initiated by mechanical forces, which

alter cell membrane and vascular integrity, creating an injury mi-

croenvironment susceptible to necrosis and apoptosis.1–4 The sec-

ondary phase of injury occurs minutes to months after the onset of

TBI whereby the release of pro-inflammatory cytokines mobilizes

immune and glial cells to the injury environment causing edema

and inflammation.5–10 This phase is also associated with gliosis,

demyelination, and continued apoptosis. Therapeutic treatments

for TBI will need to minimize progressive neuronal death and

possibly replace neurons to re-create functional circuits.

Modeling stroke and TBI in animals has identified a unique

response of the subventricular zone (SVZ), where endogenous

neural stem/progenitor cells (NSPCs) undergo a transient expan-

sion and begin migrating to sites of tissue damage.11–13 This

enhanced neurogenic response provides a potential source of mul-

tipotent cells capable of integrating into existing neural networks to

promote functional recovery.14–19 Unfortunately, this response is

limited, and the degree of neuronal replacement is minimal. It is also

possible that these cells may also influence the injury microenvi-

ronment. Chemical inhibition of proliferation using Ara-C in the

adult ischemic brain resulted in reduced NSPC expansion that as-

sociated with increased infarct size and decreased function, sup-

porting a role for NSPC in tissue damage after stroke.20 Ablation of

adult neuroblasts in mouse stroke models also revealed greater tissue

loss and behavioral deficits,21–24 although the mechanisms of how

SVZ-derived cells regulate tissue responses is still unclear.

Transplantation approaches using either undifferentiated stem or

stem-like cells from multiple sources could elicit both beneficial and

non-beneficial central nervous system (CNS) responses on the injury

milieu, because these cells produce significant amounts of growth

factors, cytokines, and chemokines. Transplantation of mesenchy-

mal stem cells was similar to ventricular neural stem cell transplants

in their ability to generate anti-inflammatory response after CNS

damage,25,26 which may contribute to injury progression and recov-

ery. It is also possible that endogenous stem cells may have direct
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influences on the survival and proliferation of residential neural and

glial cells in the injury environment, but the role of SVZ-derived

NSPCs in the traumatic injured brain remains to be determined.

Therefore, we will examine the influence of adult neurogenesis

on residential neurons and glial cells in the TBI cortex using nes-

tind-TK + transgenic mice to selectively ablate NSPCs.

Methods

Animals

The generation of the transgenic CD-1 mice expressing the herpes
simplex virus thymidine kinase (TK) gene under control of the nestin-
delta (d) promoter, nestind-TK- and nestind-TK + mice, has been de-
scribed previously.27 The nestind promoter has been shown to be
absent from neuronal or glial populations,27 where green fluorescent
protein (GFP) expression was not observed in naı̈ve cortical tissues
but was observed in perilesional regions 2 days post-controlled cor-
tical impact (CCI) injury (DPI). Administration of ganciclovir so-
dium (Cytovene-IV, Roche Pharmaceuticals) to nestind-TK + mice
leads to phosphorylation of ganciclovir in TK expressing cells,
causing cell death from inhibition of DNA synthesis. Animals were
housed in a 12-h light/dark cycle with food and water ad libitum.
Procedures related to animal use and care were approved by the
University of Miami Animal Use and Care Committee.

Ganciclovir sodium treatment

To determine the optimal concentration of ganciclovir sodium
treatment, we first performed a dosing study using 0 (vehicle, n = 4),
10 (n = 5), 50 (n = 4), and 100 (n = 4) mg/kg/d administered sub-
cutaneously via a 2-week miniosmotic pump (Alzet model #1002;
rate of 0.25 lL/h) in naı̈ve and CCI injured mice (Supplementary
Fig. 1; see online supplementary material at ftp.liebertpub.com).
An optimal dose of 50 mg/kg/d ganciclovir sodium was used for the
remainder of the study. To analyze the effect of ganciclovir sodium
on NSPC ablation in the SVZ, mice were treated with 50 mg/kg/d
ganciclovir sodium or vehicle for 2 weeks before sham surgery or
CCI injury. At the time of surgery, the pump was replaced with a
second pump containing 50 mg/kg/d ganciclovir sodium or vehicle,
and the mice were allowed to survive for an additional 14 DPI (i.e.,
4 weeks of continuous treatment; Fig. 1).

For initial pump insertion, mice were anesthetized with ketamine
(75 mg/kg body weight) and xylazine (14 mg/kg body weight) by in-
traperitoneal injection. A small incision was made in the skin between
the scapulae, and a small pocket was formed using a hemostat to
separate the subcutaneous connective tissue. The pumps were inserted
into the pocket with the opening of pumps pointing away from the
incision. The skin incision was closed using 5-0 silk suture. Replace-
ment pumps were inserted at the time of the sham or CCI surgery.

CCI injury

Mice were anaesthetized with ketamine (75 mg/kg body weight)
and xylazine (14 mg/kg body weight) by intraperitoneal injection

and positioned in a stereotaxic frame. Body temperature was
monitored with a rectal probe and maintained at 37�C with a
controlled heating pad set. A 5-mm craniotomy was made using a
portable drill over the right parietotemporal cortex ( - 2.5 mm
caudal and 2.0 mm lateral from bregma). The injury was generated
using a 3-mm beveled stainless steel tip attached to an eCCI-6.3
device (Custom Design & Fabrication) at a velocity of 6.0 m/sec,
depth of 0.5 mm, and 150 msec impact duration. Sham mice re-
ceived craniotomy only. After CCI injury, the skin was sutured
using 5-0 silk sutures.

Behavior

The activities of mice were observed in a standard cage
containing five mice over a period of 5 min and were graded as
either active or less active and their fur was identified as being
groomed or not groomed. Motor function was tested on the
Rotamex 4/8 accelerating rotarod before injury and at 3, 7, and
14 DPI. Groups included: (1) nestind-TK + with vehicle (sham
n = 5, CCI injury n = 5); (2) nestind-TK + with ganciclovir so-
dium (sham n = 5, CCI injury n = 6); (3) nestind-TK- with vehicle
(sham n = 5, CCI injury n = 7); and (4) nestind-TK- with ganci-
clovir sodium (sham n = 5, CCI injury n = 18). The rotating cy-
lindrical rod was 50-mm wide and had a linear acceleration from
10 rpm to 60 rpm over a period of 10 min (i.e., rate of acceler-
ation was 5 rpm). Mice were given four trials on each day, and
the time to fall off the rotarod was averaged over the four trials.
For each mouse, the post-injury motor performance was ex-
pressed as a percentage of pre-injury performance and then
averaged across the mice in each group.

Histological preparation and immunohistochemistry

Bromodeoxyuridine (BrdU) (Sigma) was injected intraperito-
neally (50 mg/kg of body weight) 1 h before sacrificing the mice, as
described previously.28 To analyze the SVZ of mice that were
sacrificed at the 2 week time point, mice were deeply anesthetized
using ketamine (75 mg/kg body weight) and xylazine (14 mg/kg
body weight) by intraperitoneal injection, the brains were re-
moved, quickly frozen in OCT over isopentane on dry ice, and
stored at - 80�C. To analyze the injury microenvironment of mice
that underwent CCI injury, 14 days later these mice were deeply
anesthetized using ketamine and xylazine by intraperitoneal in-
jection and transcardially perfused with phosphate buffered saline
(PBS) and 4% paraformaldehyde (pH 7.4). The brains were stored
in 4% paraformaldehyde overnight, 30% sucrose for 48 h and then
frozen in OCT over isopentane on dry ice and stored at - 80�C. For
both fresh (2 week) and fixed (4 week) tissue, 30 lm serial frozen
coronal sections were cut and stored at - 80�C.

To analyze the cellular composition of the SVZ and perilesional
region of the cortex, other sections were permeabilized and im-
munohistochemically stained with the primary antibodies anti-GFP
(1:500; Molecular Probes), anti-nestin (1:500; Neuromics), anti-
Ki67 (1:25; Dako), anti-glial fibrillary acidic protein (GFAP)
(1:1000; Dako), anti-Iba1 (1;1000; Wako), anti-NeuN (1:500;
Millipore), anti-doublecortin (anti-DCX) (1:200; Santa-Cruz) and
anti-polysialylated-neural cell adhesion molecule (PSA-NCAM)
(1;1000; Millipore) overnight at 4�C.

For Ki67 staining on fixed tissue, sections underwent antigen
retrieval with 10 mM sodium citrate buffer, pH 6.0, where slides
were placed in 200 mL buffer and heated twice for 4 min in a
1500 W microwave oven. For BrdU staining, sections were first
incubated in 2 N HCl for 1 h at 37�C, then washed with 0.1 M borate
buffer, pH 8.5. All sections were washed three times in PBS, in-
cubated in fluorescent secondary antibodies (Molecular Probes) for
30 min at room temperature, washed an additional three times in
PBS, and cover-slipped in mounting medium containing DAPI
(Invitrogen).

FIG. 1. Schematic of protocol timeline used for 4 weeks of
ganciclovir (Cytovene-IV) treatment, controlled cortical impact
(CCI) injury, and rotarod assessment. DPI = days post-injury.
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Collection of conditioned NSPC tissue culture medium

NSPCs were isolated from the SVZ of adult wild type CD-1 mice
(2 to 4 months old) and grown as described previously.29 Once
NSPC cultures were confluent, the conditioned NSPC media
(NSCM) was collected and stored at - 80�C. On the day of use, this
media was defrosted and used as 1:1 or diluted 1/2, 1/20, or 1/200 in
NSPC media not incubated with cells. To remove NSPC debris,
some undiluted NSCM media was centrifuged at 1500 rpm for
5 min at 4�C.

Astrocyte culture, scratch wound assay, cell death
assay and immunocytochemistry

For the astrocyte scratch wound assay, brains from newborn
wildtype (P1-P3) CD-1 mice were simultaneously dissected under
sterile conditions using Hanks’ balanced salt solution media con-
taining 10 mM HEPES. The cortices were isolated and combined,
tissue samples were dissociated mechanically and triturated in
DMEM containing 10% fetal bovine serum (Invitrogen), before
being filtered through a 40-lm cell strainer and then a 10-lm cell
strainer. The freshly dissected mouse astrocytes were plated onto
uncoated 10-cm plates at 100,000 cells/mL and grown to conflu-
ence for 14 days at 37�C in a humidified atmosphere containing 5%
CO2. To reduce microglial growth, the culture medium was chan-
ged every other day.

On confluency, cells were directly transferred into uncoated 24-
well plates for scratch wound assays at a density of 1 · 105 cells per
well. After 4 to 6 days in 24-well plates, astrocyte monolayers were
scratched with a sterile 200 lL pipette tip. Wells were washed twice
with sterile PBS, then either DMEM containing 10% FCS, un-
conditioned NSCM, or conditioned NSCM (1:1 or diluted 1:2, 1:20,
or 1:200 with unconditioned NSCM) with or without centrifugation
(1500 rpm, 5 min, 4�C) were added to the plates and incubated for
an additional 48 h, after which the cells were fixed with 4% para-
formaldehyde for 10 min. The cells were then permeabilized and
incubated in the primary antibodies anti-GFAP (1;1000; Dako), anti-
Ki-67 (1:200; Dako), anti-nestin (1:500; Neuromics), anti-vimentin
(1:100; Santa-Cruz), anti-O1 and anti-O4 (1:2; kind gifts from Dr. Pat
Wood), anti-NG2 (1:500; Millipore), anti-Iba-1 (1:1000; Wako) for
30 min at room temperature on an orbital shaker.

The cells were subsequently washed three times in PBS, incu-
bated with appropriate secondary fluorescent antibodies (Molecular
Probes) and DAPI (Santa-Cruz) for 30 min at room temperature on
an orbital shaker, and washed a final three times with PBS before
imaging. The scratch wound assay consisted of at least three inde-
pendent experiments in triplicate per treatment group.

For cell death assays, astrocytes were cultured from nestind-TK-

and nestind-TK + mice as indicated above. On confluency, cells
were directly transferred onto uncoated 96-well plates at a density
of 5 · 104 cells per well. After 2 days in culture, ganciclovir sodium
(0–720 lM) or staurosporine (100 nM or 10 lM; Biolmol) was
added and incubated an additional 48 h. This concentration and
time were chosen because 2–10 lM ganciclovir reduces 30–70%
cell viability in vitro.30,31 Cells were further treated with 0.05 lM
Sytox Red (Life Technologies) and 10 lg/mL Hoechst 33258. Ten
minutes later, the live/dead cells were automatically counted using
Cellomics ArrayScan VTI Live HCS reader (Thermo Scientific) at
37�C and 5% CO2. For the cell death assay, the experiment con-
sisted of a minimum of six wells for each treatment group.

Histological analysis

For in vivo analysis, photomicrographs of sections containing
the entire rostrocaudal extent of the injury site using cresyl violet
sections were taken on an Olympus Bx50 microscope using an
Olympus SC30 camera with Olympus ‘‘AnalySIS getIT!’’ soft-
ware. The distance between the most caudal and rostral sections
was calculated to determine the rostral-caudal injury length. Cor-

tical tissue sparing was assessed by contouring the volume of re-
maining ipsilateral and contralateral cortical tissue using
MicroBrightField StereoInvestigator 10.30.1 software package and
using MicroBrightField NeuroLucida Explorer 11.03 calculating
the volume of remaining ipsilateral cortex as a percentage of the
contralateral cortical area.

Stereology

For in vivo analysis, sections at the rostral extent of the SVZ
were collected from nestind-TK + (n = 5) and nestind-TK- (n = 4)
treated with 50 mg/kg/d ganciclovir sodium for 2 weeks before
injury, and in nestind-TK + (n = 6) and nestind-TK- (n = 6) mice at 14
DPI. SVZ proliferation and NPSC ablation was assessed by ste-
reological assessment of the total number of BrdU-, nestin-, and
PSA-NCAM-positive cells, respectively, using a motorized Zeiss
Axio-phot microscope, Optronix Microfire camera, and Micro-
BrightField StereoInvestigator 10.30.1 software package.

To assess neuroblast, neuronal, astrocyte, and microgial/mac-
rophage cell numbers in the perilesional region and corpus callo-
sum (CC), nonbiased cell number estimations were performed on
the five most central rostrocaudal sections around the injury epi-
center (as determined using cresyl violet stained sections), which
were 30 lm thick and 180 lm apart. For NeuN, DCX and PSA-
NCAM cortical counts, a contour of approximately 250 lm deep
was placed over the cortex on either side of the injury site at 5X
magnification, and a grid of 125 · 125 lm was placed over this area,
with a counting frame of 50 · 50 lm. For DCX and PSA-NCAM
counts in the CC, the area of the CC was outlined (approximately
150–200 lm wide) at 5X magnification, and a grid of 125 · 125 lm
was placed over this area, with a counting frame of 50 · 50 lm.

For astrocytes and microglia/macrophage counts, contours of
approximately 700 lm or 250 lm deep, respectively, were made
around the entire injury site, and a grid of 400 · 400 lm or
200 · 200 lm, respectively, was placed over this area, each with a
counting frame of 50 · 50 lm. To assess proliferation, the SVZ was
outlined to create a contour and a grid of 40 · 40 lm was placed
over this area, with a counting frame of 20 · 20 lm. The number of
NeuN, DCX, PSA-NCAM, GFAP, Iba-1, BrdU, and nestin-positive
cells with an identifiable nucleus were randomly counted using the
optical fractionator at 63X magnification.

For in vitro analysis, photomicrographs of the scratch wound
(1 mm2 area centered on the scratch midline) were taken at 10X
(which captured both sides of the scratch area) on a Zeiss Ax-
iovert200 microscope with an Axiocam MRm camera using Ax-
iovision 4.8 software and converted to 8 bit grayscale images. For
counting the number of DAPI- and Ki-67-positive nuclei, the im-
ages were inverted in ImageJ software and the ITCN automated
counter plug-in was used to count cells. The ITCN plug-in was first
optimized to ensure every nucleus was counted once, which was
validated approximately every 20–30 photomicrographs. For each
photograph, the number of Ki67-positive nuclei was calculated as a
percentage of the number of DAPI-positive nuclei.

Astrocyte reactivity at the scratch-wound edge was determined
by GFAP density, whereby images were thresholded and the area
fraction of pixels positive for GFAP-labeling was measured in
ImageJ. For each photograph, GFAP expression levels (arb. units)
where measured in fractional areas to give an average GFAP in-
tensity. DAPI-positive cells were also counted for each photograph
to provide GFAP intensity/DAPI cell value. Values for each pho-
tograph were then averaged per well to provide an average GFAP
intensity/DAPI cell value.

Statistical analysis

All data were assessed for homogeneity of variance, after which
statistical analysis was performed. Histological differences were
assessed using the Student t test, and behavioral differences (intra-
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and intergroup analysis) were assessed using two-way Repeated
measures analysis of variance with Student-Newman-Keuls method
post hoc test in SigmaPlot 13.0 where significance was < 0.05. Data
in figures are expressed as mean – standard error of the mean.

Results

Nestind-TK transgenic mice show transgene
expression in NSPCs and neuroblasts

In the current study, we took advantage of transgenic mice that

selectively express GFP under the nestind promoter in NSPCs that

reside in neurogenic regions of the adult brain.27 To examine the

distribution of NSPCs in sham and CCI injured mice, we evaluated

the immunohistochemical distribution of GFP-labeled NSPCs us-

ing an anti-GFP antibody. We observed significant and selective

expression of GFP in the SVZ, rostral migratory stream (RMS),

olfactory bulb (OB), and dentate gyrus (DG) of the hippocampus in

the sham mice (Fig. 2A, inset). Co-labeling studies show that anti-

DCX labeled neuroblasts (red) are almost exclusively found in the

neurogenic regions similar to GFP-labeled NSPCs, whereas anti-

GFAP labeled astrocyte-like stem cells and mature astrocytes (blue)

are observed in the SVZ and tissues surrounding these neurogenic

regions, respectively (Fig. 2A). High-magnification images show

cellular localization of NSPCs (green), neuroblasts (red), and astro-

cytes (blue) in the RMS (Fig. 2A1), SVZ (Fig. 2A2), dorsal ven-

tricular wall (Fig. 2A3), and dorsal cortical tissues (Fig. 2A4).

In the sham brain, NSPCs and neuroblasts were mainly observed

in neurogenic tissues, and few if any were seen in the surrounding

cortex or striatum. Sham injuries resulted in mild vascular dis-

ruption and minor tissue damage, where small numbers of GFP-

labeled cells were observed in non-neurogenic regions compared

with none in naı̈ve mice.27 At 2 days after CCI injury (DPI), we

observed greater overall numbers of GFP-labeled NSPCs compared

with sham control mice in regions inside and outside the neurogenic

zones that include CC and cortical tissues (Fig. 2B). High-magni-

fication images show that within the SVZ and RMS we observed

some cells that co-label with GFP and DCX, or GFP and GFAP

(Fig. 2B5–B7); however, outside these regions, DCX/GFP co-

labeling was not observed (Fig. 2, arrowheads) and GFAP was not

observed with either DCX or GFP expressing cells (Fig. 2B8).

Our observed reductions in GFP-labeled neuroblasts likely result

from the down-regulation of nestin after NSPC differentiation.

Interestingly, undifferentiated GFP-labeled cells exiting the RMS

have processes that extend from this region, supporting a perpen-

dicular migratory trajectory to cell polarities in the normal RMS

(Fig. 2B5; arrow). These findings provide support for the specificity

of the nestind promoter, where NSPC and not mature astrocytes

express GFP as previously shown.27 Further, this suggests that

migratory NSPCs can remain undifferentiated, and both NSPCs

and neuroblasts have the potential to migrate into damaged tissues.

Ganciclovir sodium treatment ablates NSPCs
in the SVZ of nestind-GFP-TK transgenic mice

The antiviral drug ganciclovir sodium (Cytovene-IV) exists in

an un-ionized form, compared with ganciclovir, with increased

solubility at physiological pH and body temperature. Ganciclovir

sodium is rapidly phosphorylated by viral TK and is incorporated

into the DNA where it inhibits DNA synthesis, ultimately leading to

cell toxicity and death.32 We administered ganciclovir sodium

(50 mg/kg, subcutaneously, mini-osmotic pumps) to adult mice

with or without the TK transgene (i.e., nestind-TK1 and nestind-

FIG. 2. Green fluorescent protein (GFP) transgene expression in
nestind-TK + mice shows increased expression outside neurogenic
regions at 2 DPI. (A) Photomicrographs show anti-GFP staining
(inset) and anti-GFP (green), anti-doublecortin (DCX) (red) and
anti-glial fibrillary acidic protein (GFAP) (blue) staining in the
subventricular zone (SVZ), rostral migratory stream (RMS), dor-
sal ventricle wall, and regions outside neurogenic zones. High-
magnification images show GFP labeling alone and merged with
DCX and GFAP labeling in RMS (A1), SVZ (A2), dorsal ven-
tricle wall (A3), but not subcortical regions (A4) in sham mice.
(B) Photomicrographs at 2 DPI show anti-GFP staining (inset) and
anti-DCX/anti-GFAP costaining in both neurogenic regions as
well as outside regions including corpus callosum, subcortical
tissues. and striatum. Arrowhead depicts GFP-labeled cells neg-
ative for DCX and GFAP in the cortex. High-magnification im-
ages show GFP labeling alone and merged with DCX and GFAP
labeling in RMS (B5), SVZ (B6), dorsal ventricle wall (B7), and
subcortical regions (B8). Scale bar = 400 lm in low-magnification
images and 12 lm in high-magnification images. Color image is
available online at www.liebertpub.com/neu
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TK-, respectively) for 2 weeks to ablate proliferating NSPCs within

the SVZ. This dose was based on our observations that higher

concentrations of ganciclovir sodium (i.e., 100 mg/kg) resulted in

reduced grooming behavior before injury and reduced rotarod lo-

comotor function after a CCI injury model of TBI, in nestind-TK-

mice, compared with vehicle treated nestind-TK- mice (Supple-

mentary Fig. 1A, B; see online supplementary material at ftp.

liebertpub.com). The 2-week time course was based on initial

preliminary studies showing treatment with 50 mg/kg reduces the

number of proliferating cells in the SVZ.

To confirm whether ganciclovir sodium administration leads to

fewer proliferating NSPCs, we quantified the number of prolifer-

ating cells in the SVZ and the number of neuroblasts in a region

where neuroblasts accumulate before migrating to the OB via the

RMS (Fig. 3A). We observed 51% fewer BrdU-labeled cells in

nestind-TK1 mice (14,252 – 3194 cells), compared with nestind-

TK- mice (28,842 – 987 cells) after ganciclovir sodium treatment

(Fig. 3B–D), which corresponded to significant reductions (55%) in

the number of nestin-labeled cells (Fig. 3E–K). Similarly, reduced

Ki-67 labeling was observed in the SVZ-RMS transition region in

nestind-TK1 mice (Fig. 3T), but not nestind-TK- mice (Fig. 3P).

Two weeks of suppression of NSPCs showed a trend toward fewer

numbers of polysialylated-neural cell adhesion molecule (PSA-

NCAM)-labeled cells in the SVZ-RMS transition region (Fig. 3L–

O, Q–S). Together, these results support a model where 50 mg/kg

ganciclovir sodium treatment for 2 weeks results in approximately

50% reduction of proliferating NSPCs in the SVZ and fewer neu-

roblasts entering the RMS.

NSPC ablation in the SVZ reduces neuroblast
migration into perilesional regions after TBI

To determine whether NSPCs migrate outside the neurogenic

regions after injury, we quantified the number of neuroblasts using

two markers, PSA-NCAM and DCX, in the CC and perilesional

regions of the cortex at 14 DPI (Fig. 4). After 2 weeks of initial

ganciclovir sodium administration, we performed a CCI injury with

sustained infusion of 50 mg/kg ganciclovir sodium for an additional

2 weeks (Fig. 1). After 4 weeks of ganciclovir sodium treatment, we

observed similar reductions in proliferation of NSPCs in the SVZ of

nestind-TK1 mice compared with 2 weeks administration (not

shown). In addition, no abnormalities were observed in grooming

behavior or motor function at the 4-week time point in nestind-TK-

mice (Supplementary Fig. 1B; see online supplementary material at

ftp.liebertpub.com).

In the CC and perilesional region of CCI-injured ganciclovir

sodium treated nestind-TK1 mice, we observed approximately 80%

and 69% fewer PSA-NCAM-positive cells, respectively, compared

with the number observed in the same regions of ganciclovir

FIG. 3. Ganciclovir sodium treatment for 2 weeks reduces
neural stem/progenitor cell (NSPC) numbers in the subventricular
zone (SVZ) of nestind-TK + mice (n = 5) compared with nestind-
TK- mice (n = 4). (A) Black and white photomicrograph of a cresyl
violet stained brain section showing the lateral ventricle. Boxes
indicate location where photomicrographs examine nestin and
bromodeoxyuridine (BrdU) staining in SVZ (B–K) and poly-
sialylated-neural cell adhesion molecule (PSA-NCAM) and Ki67
staining SVZ- rostral migratory stream (RMS) transition zone (L–
T). Photomicrographs show BrdU-positive cells in the SVZ of
ganciclovir sodium treated nestind-TK- mice (B), but fewer cells in
nestind-TK + mice (C), with graph showing differences in the
number of BrdU-positive cells (D) (n = 6). Photomicrographs
show the number of nestin-positive cells in the SVZ of ganciclovir
sodium treated nestind-TK- mice (E–G) compared with nestind-
TK + mice (I–K). Graph shows a reduction in the number of
nestin-positive NSPCs in the SVZ of nestind-TK + mice (H)
(n = 6). Photomicrographs show the number of PSA-NCAM- and
Ki67-positive cells in the SVZ of ganciclovir sodium treated
nestind-TK- (M–P) and nestind-TK + (Q–T) mice, with the graph
showing reduced number of PSA-NCAM-positive cells in nestind-
TK + mice (L). Scale bar in T = 20 lm. *p < 0.05. Color image is
available online at www.liebertpub.com/neu
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sodium treated nestind-TK- mice (Fig. 4A, G). While PSA-NCAM

is a marker of migrating NSPCs, in the injured adult cortex, it labels

a subset of astrocytes and mature neurons (Fig. 4J, K, N, O)33,34;

therefore, we also examined neuroblast numbers by labeling with

DCX. We observed little to no cross-reactivity with mature neurons

or glial (Fig. 4H, I, L, M). In the CC and perilesional region of CCI-

injured ganciclovir sodium treated nestind-TK1 mice, we also ob-

served 80% and 90% fewer DCX-labeled cells compared with

ganciclovir sodium treated nestind-TK- mice (Fig. 4B, F). We ob-

served no DCX + and few PSA-NCAM + cells (1–2 cells/tissue

section) in sham or naı̈ve (Fig. 4D, E) tissues. In summary, the

reduction in neuroblast numbers in the CC and cortex after NSPC

ablation may represent a lower production of neuroblasts from

early undifferentiated, dividing NSPCs leaving fewer available to

migrate.

NSPC ablation reduces residential cell numbers
in the injured cortex

To provide evidence that nestin-expressing cells in the adult

CNS play a role in injury progression, we examined whether NSPC

depletion led to alterations in CCI-mediated pathology. We ex-

amined cortical tissues by quantifying the number of neurons and

glia in perilesional regions. Quantitative analysis performed 2

weeks after CCI injury revealed no significant differences in the

percent volume of spared cortical tissue (compared with contra-

lateral noninjured cortex) or injury length between nestind-TK1 and

nestind-TK- mice (Fig. 5A–D). Conversely, stereological analysis

of cells residing in the perilesional regions of the cortex revealed

significant differences in neuronal and glial numbers, which was

not observed in the contralateral cortex (not shown).

Specifically, the cortex of ganciclovir sodium treated nestind-

TK1 mice had approximately 20% fewer NeuN-positive neurons

(143 – 6 cells per [100 lm]3), compared with the cortex of nestind-

TK- mice (176 – 9 cells per [100 lm]3) (Fig. 5E–G) and approxi-

mately 30% fewer GFAP-positive astrocytes (96 – 8 cells per

[100 lm]3 and 133 – 7 cells per [100 lm]3, respectively; Fig. 5H–

J). Interestingly, although fewer astrocytes were observed after

NSPC ablation, the remaining astrocytes in nestind-TK1 mice

appeared more hypertrophic, compared with the astrocytes in

nestind-TK- mice (Fig. 5K, L), suggesting that NSPCs may in-

fluence astrocyte survival, proliferation, differentiation, and/or

reactivity after injury.

We also quantitated the number of macrophage/microglia-

positive cells in the perilesional region using Iba-1 labeling and

stereological measurements. Similar to astrocytes, we observed a

FIG. 4. Neural stem/progenitor cell (NSPC) ablation reduces the number of migrating neuroblasts at 14 days post-injury (DPI). Poly-
sialylated-neural cell adhesion molecule (PSA-NCAM)- (A) and doublecortin (DCX)-labeled (B) cells in the cortex and corpus callosum (CC)
after controlled cortical impact (CCI) injury. Graphs show reductions in the numbers of PSA-NCAM- and DCX-positive cells in the ipsilateral
perilesional CC and cortex at 14 DPI in ganciclovir sodium treated nestind-TK+ mice compared with nestind-TK- mice (n = 6 each). *p < 0.05,
***p < 0.001. (C) Cresyl violet staining of CCI-injured mouse with box showing approximate location of images of panels D–O. (D, E) DCX
and PSA-NCAM labeled cortical tissue from naı̈ve mice (approximately similar stereological coordinates to the perilesional region of CCI-
injured mice) showing an absence of DCX-labeled cells and minimal PSA-NCAM labeling. (F, G) High-magnification images of ganciclovir
sodium treated nestind-TK+ mice show no reactivity with DCX and little reactivity with PSA-NCAM in CCI injured tissues. High mag-
nification images of DCX (H, I, L, M) and PSA-NCAM (J, K, N, O) co-labeled with the neuronal marker NeuN and glial marker glial
fibrillary acidic protein, respectively, in the CCI-injured cortex. Arrows depict representative DCX- or PSA-NCAM-positive cells in
perilesional cortex, and scale bar for high magnification images = 25lm. Color image is available online at www.liebertpub.com/neu
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30% reduction in the numbers of Iba-1-labeled macrophage/mi-

croglia in ganciclovir sodium treated nestind-TK1 mice, compared

with nestind-TK- mice (81 – 3 cells per [100 lm]3 and 111 – 8 cells

per [100 lm]3, respectively; Fig. 5M–O). Similar to the astrocytic

population, the remaining Iba-1-positive cells in the ganciclovir

sodium treated nestind-TK1 mice appeared more hypertrophied

and amoeboid-shaped resembling reactive microglia (not shown);

however, it is difficult to distinguish between reactive microglia

and infiltrating macrophages because most antibodies, including

Iba-1, label both cell types.

Taken together, these findings suggest that ablation of nestin-

expressing cells in the adult brain attenuates neuronal survival and

reduces glial numbers in the perilesional region, as well as playing a

role in glial hypertrophy post-CCI injury.

NSPC-conditioned media increases astrocyte
proliferation and reduces GFAP expression in culture

To examine whether NSPCs release soluble factors that directly

influence astrocyte proliferation and reactivity, a scratch wound

assay was performed on cultured cortical astrocytes exposed to

either NSCM or unconditioned media (Fig. 6). Initially, we

evaluated astrocyte purity using immunohistochemical markers

to a variety of non-neuronal cell types. Astrocytes showed ex-

pression of the early glial progenitor cell marker nestin (Fig.

6B, F), and more mature astrocyte makers, GFAP (Fig. 6C, G) and

vimentin (Supplementary Fig. 2A, B; see online supplemen-

tary material at ftp.liebertpub.com), while few to no cells ex-

pressed the oligodendrocyte markers 01 and 04, the microglial/

macrophage marker Iba-1, or the glial precursor marker NG2

(Supplementary Fig. 2C-J; see online supplementary material at

ftp.liebertpub.com). This expression pattern supports previous

studies on cultured astrocyte purity,35,36 and demonstrates that

our astrocyte cultures are > 95% pure.

To determine whether NSPC secretions regulate cortical astro-

cyte proliferation, we labeled the astrocytes with Ki-67. The ma-

jority of Ki-67-positive nuclei (Fig. 6A, D, E, H) were observed in

cells expressing high levels of nestin (Fig. 6D, H), although a small

number of Ki-67-positive cells also co-labeled with GFAP (Fig.

6D, H). We did not observe Ki-67-labeled nuclei in cells that were

GFAP/vimentin-positive and nestin-negative. At the scratch wound

edge, defined as a 1 mm2 area centered on the scratch midline, Ki-

67 labeling increased after exposure to NSCM, at concentrations of

1/20 and higher, compared with unconditioned media (Fig. 6J). In

addition, undiluted (1/1) NSCM decreased astrocyte reactivity at

the scratch wound edge as assessed by reduced intensity of GFAP

expression (Fig. 6K) as well as reducing astrocyte hypertrophy.

These findings support the possibility that NSPC secretions may

promote proliferation of cortical glial cells in perilesional regions

after CCI injury.

To further demonstrate that ganciclovir sodium administration

does not ablate potential off target nestin-positive reactive astro-

cytes or astrocyte progenitor cells in the perilesional region after

CCI injury, we examined the influence of ganciclovir sodium

treatment on cultured nestind-TK + and nestind-TK- cortical astro-

cytes in a scratch wound assay. We observed less than 5% cell death

of nestind-TK + or nestind-TK- cortical astrocytes treated with 0 to

720 mM of ganciclovir sodium compared with vehicle controls

(Supplementary Fig. 3; see online supplementary material at

ftp.liebertpub.com). Staurosporine (0.1 and 10 mM) was applied as

a positive control for cell death, where increased cell death was

observed in both nestind-TK + and nestind-TK- astrocytes. These

FIG. 5. Neural stem/progenitor cell (NSPC) ablation reduces
neuronal, astrocytic, and macrophage/microglia cell numbers in the
perilesional cortex at 14 days post-injury. Photomicrographs illus-
trate cresyl violet-stained sections of nestind-TK- (A) and nestind-
TK + mice (B), where quantification shows no difference in the
percent volume of spared cortical tissue compared with contralateral
cortex (C) or injury length (D) between nestind-TK- and nestind-
TK + mice (n = 6–8). Photomicrographs show a reduced number of
NeuN-positive neurons in the perilesional cortex of nestind-TK+

mice (F), compared with nestind-TK- mice (E) with graph showing
significant reductions (G) (n = 6). Photomicrographs show a reduced
number of glial fibrillary acidic protein (GFAP)-positive astrocytes
in the perilesional cortex of nestind-TK + mice (I) compare with
nestind-TK- mice (H) with graph showing significant reductions (J)
(n = 6). (K, L) High magnification photomicrographs of boxes in
panels H and I, respectively. Photomicrographs show a reduced
number of Iba-1-positive microglia/macrophages in the perilesional
cortex of nestind-TK + mice (O) compared with nestind-TK- mice
(N) with graph showing significant reductions (M) (n = 6). E, F, H,
I, N, and O: Scale bar = 50 lm; K–L: Scale bar = 20 lm. *p < 0.05.
Color image is available online at www.liebertpub.com/neu
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studies further support the specificity of the nestind promoter in

NSPCs and suggest that the reduced number of GFAP cells after

CCI injury did not result from increased astrocyte or astrocyte

precursor cell death.

NSPC ablation attenuates motor function
after CCI injury

To evaluate whether NSPCs are involved in motor responses, we

assessed the animals’ motor performance using an accelerating

rotarod before CCI injury and at 3, 7, and 14 DPI. To exclude

potential gene, drug, or surgical effects on mouse behavior, we

examined the performance of sham-injured mice with vehicle or

ganciclovir sodium treatment. Although we observed no significant

differences between groups, we did observe significant differences

in group and time interaction for both sham and CCI injury (Fig.

7A, B). The Student-Newman-Keuls method also revealed signif-

icant intragroup differences in motor responses compared with pre-

injury performance (designated with an asterisk), and intragroup

differences between 3 DPI and 7 or 14 DPI (designated with a

pound sign) (Fig. 7A–C). This is most apparent when pre-injury

latencies were normalized, where intragroup improvements were

observed in all groups except ganciclovir sodium treated nestind-

TK1 mice, resulting in significantly worse motor performance at 7

DPI compared with control groups (designed with a dollar sign)

(Fig. 7C). This suggests that ablation of NPSCs reduces motor

recovery after CCI injury.

Discussion

After the discovery of endogenous NSPCs in the adult brain in

the 1960s, scientists have proposed that the CNS might retain the

capacity to self-renew after injury. In fact, studies have provided

evidence that NSPCs migrate to damaged tissues and differentiate

into neurons if given enough time.14 Strategies to enhance neuro-

genesis may improve the number of cells that integrate into the

damaged circuitry; however, cell replacement would likely still

take place over months. Our studies support an acute neuropro-

tective role for migrating SVZ-derived NSPCs and/or neuroblasts

after CCI injury.

We used transgenic mice expressing the viral TK gene under

control of the nestind promoter to specifically ablate NSPCs and

elucidate their role and/or their progenies role on progressive cor-

tical tissue damage and function in the acute phase of TBI. We

demonstrated that NSPC ablation causes a reduction in the number

of neuroblasts migrating toward the injury, resulting in fewer res-

idential neurons and glial cells in perilesional regions of the CCI

injured cortex. This reduction in neurons and glia is associated with

FIG. 6. Conditioned neural stem/progenitor cell (NSPC) media (NSCM) enhances cortical astrocyte proliferation and reduces glial
fibrillary acidic protein (GFAP) expression after scratch wound injury in culture. Photomicrographs show typical astrocytes observed at
the edge of the scratch wound stained with Ki-67, nestin, and GFAP after being cultured for 48 h in unconditioned media (A–D) or
undiluted NSCM (E–H). Proliferating Ki-67–positive astrocytes predominantly co-label with nestin and not GFAP. (J) Graph represents
increased Ki-67 staining of astrocytes at the edge of the scratch wound after being cultured with NSCM or centrifuged NSCM for 48 h.
(K) Graph shows reduced GFAP expression of astrocytes at the edge of the scratch wound after being cultured with NSCM or
centrifuged NSCM for 48 h. n = 3 independent experiments in triplicate per group. Scale bar = 200 lm. *p < 0.05, **p < 0.01, **p < 0.001.
Color image is available online at www.liebertpub.com/neu

760 DIXON ET AL.



increased astrogliosis and reduced locomotor recovery. These

findings support the beneficial influences of NSPCs after TBI

suggesting that endogenous NSPCs represent therapeutic targets to

minimize injury progression.

One of the most intriguing findings of this study is the possibility

that NSPCs support residential neuronal survival in the injured

cortex. Although it may be possible that the increased number of

neurons and glial cells in normal mice represent, in part, a mi-

grating population of SVZ-derived NSPCs that differentiate into

neurons and/or glial cells, the short time course and large number of

cells renders this possibility unlikely. Arvidsson and colleagues

suggest that migrating NSPCs take 1 to 3 months to differentiate

into neurons,14 and even then these new neurons replace only 0.2%

of the dying neuronal population.

Our studies show that at 2 DPI, NSPCs and neuroblasts are likely

migrating outside the SVZ and RMS to striatal and cortical tissues,

but these distances are not great. GFP-expressing NSPCs seem to

have greater migratory potentials, and by 14 DPI many more neu-

roblasts were observed in the cortical penumbra, which may pos-

sibly result from their in situ differentiation from migrating NSPCs.

Regardless, the numbers of DCX-labeled neuroblasts are far below

the 20% deficits observed in mature neurons and glial cells in the

absence of NPSC after CCI injury. Thus, it is more likely that

migration of endogenous NSPCs are stabilizing the injury milieu

enabling neuroprotection and proliferation of cortical glial cells.

There are a number of factors to consider in evaluating the role

of NSPCs and neuroblasts in tissue stabilization. First, our obser-

vation that approximately 2500 DCX-labeled cells per mm3 present

in perilesional tissues suggests that even relatively few cells have

important influences on tissue stability. Li and associates20 exam-

ined the effects of NSPCs on neuroprotection following cortical

stroke, and demonstrated that cultured NSPCs secrete brain-de-

rived neurotrophic factor (BDNF) and vascular endothelial growth

factor (VEGF) protecting cortical neurons from cell death. Neu-

rotrophins, such as BDNF, have well-established actions on cell

survival, growth, and differentiation in both the developing and

injured adult nervous systems.37–39 Likewise, VEGF is a growth

factor known for its neurogenic, angiogenic, and neuroprotective

roles, which clearly influence the TBI microenvironment.40–42 Care

must be taken, however, when translating in vitro results into the

in vivo injury environment, because a sole study performed in the

hippocampus shows NSPCs cease expressing VEGF upon differ-

entiation into transit-amplifying cells.43 Therefore, further studies

are needed to confirm the trophic responses of migrating NSPCs in

injured tissues.

Alternatively, other mechanisms could be responsible for en-

abling cortical neuroprotection, such as infiltrating NSPC may

stabilize injured cortical tissues by regulating glial cell prolifera-

tion and reactivity. Astrocytes express VEGF,43–45 and increased

numbers of astrocytes may lead to synergistic enhancement in

trophic support. Conversely, reactive cortical astrocytes after injury

have been shown to reduce VEGF expression,46,47 suggesting that

the increased numbers and reduced reactivity of astrocytes in the

presence of NSPCs would provide a more protective environment.

Our in vitro scratch wound model and in vivo TBI model support

these conclusions.

Alternatively, SVZ-derived astrocytes have been shown to mi-

grate into damaged cortical tissues by 14 DPI to stabilize micro-

vascular hemorrhage.48,49 Our observations that astrocyte numbers

were attenuated by 14 DPI in NSPC ablated mice supports this

possibility; however, the number of migrating SVZ-derived cells is

insufficient to account for the overall reductions in penumbra

FIG. 7. Neural stem/progenitor cell (NSPC) depletion reduces motor
recovery in ganciclovir sodium treated nestind-TK+ mice. (A) Graph
shows time to fall (sec) from the accelerating rotarod of vehicle or
ganciclovir sodium treated sham-injured nestind-TK- and nestind-TK+

mice (n = 5 per group; two-way repeated measures analysis of variance
[ANOVA]; day p < 0.001, group and day interaction p = 0.014). (B)
Graph shows time to fall (sec) from rotarod of vehicle and ganciclovir
sodium treated controlled cortical impact (CCI)-injured nestind-TK-

and nestind-TK+ mice (two-way repeated measures ANOVA; day
p < 0.001, group and day interaction p = 0.012). (C) Graph compares
time to fall from rotarod of vehicle and Cytovene-IV treated nestind-TK-

and nestind-TK+ CCI injured mice when pre-injury times are stan-
dardized to 100%. Ganciclovir sodium treated nestind-TK+ injured
mice were unable to improve their ability to walk on the rotarod at 7 and
14 days post-injury (DPI) compared with 3 DPI, resulting in the gan-
ciclovir sodium treated nestind-TK1 mice having significantly worse
motor performance than other groups ($) (two-way repeated measures
ANOVA day p < 0.001, group and day interaction p = 0.017). Student-
Newman-Keuls method showed variance between time points 3, 7, and
14 DPI compared with pre-injury (*), and variances of 7 or 14 DPI
compared with 3 DPI (#). *,#,$ p < 0.05; **,## p < 0.01; ***,### p < 0.001.
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astrocytes supporting a more diverse NSPC role. We also ob-

served reduced microglia/macrophage numbers in the perile-

sional region in the absence of NSPCs. Despite microglia and

macrophages being involved in the induction of pro-inflammatory

cascades, microglia also secrete numerous neuroprotective cyto-

kines and trophic factors after injury.7,50,51 It is therefore rea-

sonable to suggest that microglia may be responsive to the

presence of NSPCs, and overall increases in NPSCs lead to in-

creased proliferation of local glial cells that may be beneficial in

minimizing acute injury progression.

In recent years, animal models have begun to elucidate the

neurological relevance of increased neurogenesis in pathological

conditions. Specific transgenic ablation of endogenous NSPCs

provides an important tool for examining the influence of NSPCs

and their progeny on functional recovery after TBI. In models of

stroke, ablation of either NSPCs or neuroblasts resulted in pro-

longed deficits in motor recovery over 2 months.20–24 In a CCI

model of TBI, the same nestind-TK1 mice were used to examine

behavioral responses after NSPC ablation, and significant learning

and memory deficit were found without motor dysfunction.52 Our

observed deficits in motor function are likely from a more severe

injury (6 m/sec vs. 4.4 m/sec by Blaiss and colleagues52) and longer

assessment periods.

Rotarod motor assessments after CCI have a typical pattern

where at 3 DPI there is a dramatic reduction in time spent on the

rotating rod, which is not observed in naı̈ve or sham animals and

may result from acute injury-related physiology. This deficit is

stabilized by 7 DPI, where motor performance is usually between

10 and 20% below pre-injury levels. Interestingly, ganciclovir so-

dium treated nestind-TK1 mice were the only group to show no

significant improvement from 3 to 14 DPI, suggesting that ablating

NSPCs reduces neuronal survival that ultimately influences motor

functions.

Although SVZ-derived NSPCs are the likely candidate cells for

influencing cortical motor responses, we cannot rule out the influ-

ence of other motor centers. The SVZ lies alongside the striatum,

which has been known to play a role in motor initiation.53–56 In

2006, Dang and coworkers53 reported that minor changes in striatal

neuronal morphology can severely impair motor function, and more

recently it was shown that ablating SVZ-derived NSPCs causes

perturbations in striatal spontaneous excitatory post-synaptic cur-

rents enhancing glutamatergic-mediated excitotoxicity.57 This

effect was linked to NSPCs secreting endogenous cannabinoids

into the striatum. In the current study, it is plausible that SVZ-

derived NSPCs may play critical roles in modulating striatal syn-

aptic connections in both injured and noninjured conditions. Dif-

ferences in pre-training motor performance were observed between

ganciclovir sodium treated nestind-TK1 mice and all other groups,

where 1–2 weeks of NSPC ablation trends toward improved non-

injured motor functions. At present, it is unclear how ablating

NSPC might alter pre-training motor performance, but we cannot

exclude pre-injury roles for NSPCs in the striatum or more distant

regions, such as the amygdala and cerebellum, which may also have

nestin-expressing cells and regulate motor coordination.58–60

Conclusion

NSPCs play important roles in the cortex after TBI, and the

recruitment of SVZ-derived NSPCs and their neuroblast progeny to

the perilesional region may influence the injury microenvironment

by promoting neuronal survival, local glial proliferation, reduced

gliosis, and motor recovery.
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