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Abstract

Brain remodeling occurs after all forms of brain injury,
though the mechanisms underlying this phenomenon are
mostly unknown. Neural stem and progenitor cells are one
source of endogenous cells that may contribute to brain re-
modeling and subsequent recovery. In addition, certain
populations of progenitors are particularly susceptible to in-
jury, and their depletion may lead to the impairment of de-
velopmental processes that vary with age. We particularly
focus on glial progenitors, which are more abundant postna-
tally and particularly susceptible to acquired brain injuries
such as traumatic brain injury. We have recently character-
ized a novel transgenic mouse that expresses herpes thymi-
dine kinase under the control of the neural-progenitor-spe-
cific nestin promoter and allows for temporally induced ab-
lation of dividing progenitors. By genetically depleting
dividing cortical progenitors at various times, we identify
postnatal day 7 (P7) to P14 as a critical period for oligoden-
drogenesis. Targeted ablation of dividing progenitors dur-

ing this window leads to cell-specific depletion of oligoden-
drocyte precursors expressing platelet-derived growth fac-
tor receptor-a and corresponding myelination and motor
deficits. This modeling provides insight into how the age at
which white matter injury occurs influences both injury se-
verity and subsequent recovery.

Copyright © 2010 S. Karger AG, Basel

Introduction

With traumatic brain injury (TBI) as the leading cause
of acquired brain injury in both children and adults, elu-
cidating how damage occurs, the brain’s response to that
injury, and how both might be affected in order to obtain
the best possible outcome are of significant clinical rele-
vance [Giza and Prins, 2006; Yu et al., 2008; Giza et al,,
2009; Sookplung and Vavilala, 2009]. The study of pedi-
atric brain injury poses unique challenges because the
sequelae of these injuries are age dependent. Similar in-
juries can have drastically different effects depending on
the age at which they occur [Back et al., 2001; Giza and
Prins, 2006; Giza et al., 2009; Sookplung and Vavilala,
2009]. In the past decade, neurogenesis in the adult cen-
tral nervous system (CNS) has become a widely accepted
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phenomenon, and is now the subject of intense research
for its therapeutic potential [Kernie and Parent, 2010]. In
mammals, populations of neural stem cells (NSC) in the
dentate gyrus of the hippocampus and the subventricular
zone of the lateral ventricles are known to proliferate and
differentiate throughout the lifespan [Altman and Das,
1965; Luskin, 1993; Gage et al., 1995; Suhonen et al., 1996;
Kernie and Parent, 2010]. Insults such as hypoxia-isch-
emia and TBI are known to affect these NSC populations
in a maturation-dependent manner [Back et al., 2001; Jin
et al., 2001; Miles and Kernie, 2008; Yu et al., 2008]. In
order to study these injuries with reasonable specificity,
it is critical to know the timing at which various progen-
itors populate and mature throughout the brain, and the
effects of insults to these populations on development.
For additional information on this topic see also the ar-
ticle by Covey et al. [2010] in this issue of Developmental
Neuroscience.

The major cell types of the mammalian CNS arise in
three temporally distinct, although overlapping, waves
[Sauvageot and Stiles, 2002]. Neurogenesis occurs first,
peaking around embryonic day (E)14 in mice, followed by
gliogenesis, which peaks between postnatal days (P)0 and
2, and then finally, oligodendrogenesis occurs, peaking
about P14 [Sauvageot and Stiles, 2002]. These same pro-
genitor pools follow a similar path in humans, though the
exact ages at which these changes occur are not as well
known. Much of the age-specific effects associated with
TBI and other acquired brain diseases are likely second-
ary to these discrete developmental stages of progenitor
proliferation. By using a neural progenitor-specific pro-
moter to drive the expression of enhanced green fluores-
cent protein (eGFP), we have been able to utilize these
temporally distinct peaks in cellular genesis to target spe-
cific progenitor cell populations for the investigation of
age-related changes in the progenitor pool [Koch et al,,
2008; Yu et al., 2008; Kernie and Parent, 2010].

While significant progress has been made in our un-
derstanding of neuronal progenitors, much less is known
in regard to glial progenitors, despite the fact that white
matter is crucial to normal brain function. Periventricu-
lar white matter injury is the major form of brain injury
and the leading cause of neurological disability such as
motor impairment (i.e. cerebral palsy) in survivors of pre-
mature birth [Back et al., 2002; Volpe, 2003; Back et al.,
2007; Segovia et al., 2008]. Periventricular white matter
injury encompasses a spectrum of white matter injuries
including both focal cystic necrotic lesions, known as
periventricular leukomalacia, and diffuse myelination
disturbances [Back et al., 2007]. White matter changes
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also frequently accompany TBI and contribute to much
of the morbidity associated with severe injury [Tasker et
al., 2005; Tasker, 2006; Sookplung and Vavilala, 2009;
Gale and Prigatano, 2010].

Based on various published studies, age-dependent
vulnerability in the progenitor pool is already apparent
[Back et al., 2002; Koch et al., 2008; Miles and Kernie,
2008; Segovia et al., 2008]. In this study, we expand upon
what is already known by characterizing age-related
changes in the oligodendrocyte progenitor populations.
We then show how a recently generated transgenic ani-
mal expressing herpes simplex virus thymidine kinase
(HSV-TK) under the control of the nestin promoter can
be used in the study of age-dependent vulnerability of the
progenitor pool, and how this may apply to recovery fol-
lowing traumatic and other forms of brain injury.

Materials and Methods

Animals

All mice used in these experiments were housed and cared for
in the UT Southwestern Medical Center’s Animal Resource Cen-
ter, which is certified by the Association for Assessment and Ac-
creditation of Laboratory Animal Care. All animal protocols re-
ceived prior approval by the institutional animal use and care
committee at the UT Southwestern Medical Center in accordance
with the highest standards for the humane use of animals in bio-
medical research.

Ganciclovir Administration

For P14 animals, ganciclovir (200 mg/kg/day; Cytovene-IV;
Roche Pharmaceuticals, San Francisco, Calif., USA) or vehicle
(distilled H,0) was delivered via microosmotic pump ata constant
infusion rate of 0.25 wl/h for 2 weeks (model 1002; Alzet, Cuper-
tino, Calif., USA). Pumps were implanted per the Alzet protocol
as described below. Two-week-old mice were anesthetized with
isoflurane and a small incision was made between the scapulae. A
hemostat was used to spread the subcutaneous connective tissue
to form a small pocket, and the pump was inserted into this pock-
et with the flow moderator pointing away from the incision. The
skin incision was closed with sutures. For treatment of P7 ani-
mals, ganciclovir (100 mg/kg/day) was delivered via daily intra-
peritoneal injections for 1 week. For in utero treatment, ganciclo-
vir (200 mg/kg/day) was administered once daily via intraperito-
neal injection to pregnant transgenic animals from E15.5 to E19.5.

Immunohistochemistry

Twenty-four hours after treatment, the mice were deeply anes-
thetized with a ketamine/xylazine mixture prior to transcardiac
perfusion with phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde for 10 min each. Their brains were dissected
out and fixed overnight in 4% paraformaldehyde. The following
day, the brains were embedded in 3% agarose and serial 50-pum
coronal sections encompassing the entire hippocampus were cut
using a vibrating microtome (VT1000S; Leica Microsystems,
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Bannockburn, I1l., USA). The sections were collected and every
sixth section was used for immunohistochemistry. Free-floating
sections were mounted onto glass slides, then dried thoroughly
prior to staining. The sections were washed 3 times in 0.3% Triton
X-100 in PBS, and then blocked with 5% normal donkey serum
(NDS) in 0.3% Triton X-100 at room temperature for 1 h. Follow-
ing initial blocking, the slides were washed in PBS, then blocked
with Fc Receptor Block (Innovex Biosciences, Richmond, Calif.,
USA) for 30 min at room temperature followed by an additional
short PBS wash. All primary antibodies were combined into a to-
tal volume of 500 w1 of 2.5% NDS in 0.3% Triton X-100 PBS at the
appropriate concentrations and incubated at 4°C overnight. The
sections were then washed 3 times in 0.3% Triton X-100 and then
incubated with the secondary antibodies diluted to the appropri-
ate concentrations in 2.5% NDS in 0.3% Triton X-100 PBS for 1.5 h
at room temperature. The sections were then washed 3 times in
0.3% Triton X-100 PBS and once in PBS. The slides were then
dried and covered with plastic cover slips using Immu-Mount
(Thermo Scientific, Waltham, Mass., USA).

Primary antibodies used were mouse anti-myelin basic pro-
tein (anti-MBP; 1:500; Covance, Princeton, N.J., USA), rat anti-
platelet-derived growth factor receptor-a (anti-PDGFR-a; 1:250;
BD Pharmingen, Pasig City, Republic of the Philippines) and rab-
bit anti-Ki-67 (1:200; Thermo Scientific). All secondary fluores-
cent antibodies were raised in donkey serum and used at a con-
centration of 1:200 (Jackson Laboratories, Bar Harbor, Me., USA).

Staining for stereological counting was done on 50-pum sec-
tions collected as described above. Free-floating sections were
washed, then quenched in 0.3% hydrogen peroxide, washed and
then blocked in 5% normal goat serum in 0.3% Triton X-100 PBS
at 4°C overnight to reduce background. The sections were then
incubated in primary antibody at 4°C overnight to maximize an-
tibody penetration, followed by incubation in biotinylated sec-
ondary antibody. The sections were then incubated in horserad-
ish-peroxidase-based Vectastain ABC Kit (Vector Laboratories,
Burlingame, Calif., USA), followed by incubation in Vector Nova-
RED Substrate Kit according to the manufacturer’s protocol for
amplification and visualization of staining (Vector Laboratories).
Primary antibodies used included rabbit anti-PDGFR-a (1:250;
Santa Cruz Biotechnology, Santa Cruz, Calif., USA) and mouse
anti-MBP (1:250; Covance, Princeton, N.J., USA). Secondary an-
tibodies were used at a concentration of 1:500 and purchased from
Vector Laboratories.

Microscopy

Fluorescent staining was photographed using Zeiss (Thorn-
wood, N.Y.,, USA) LSM 510 scanning confocal multicolor micros-
copy using argon 488, He 543 and He 633 lasers (version 3.2 SP2,
Aim interface) and a Zeiss Neofluar 25X /0.8 1-mm oil DIC lens.
Stereological quantification was performed on DAB-stained sec-
tions using an Olympus BX51 System Microscope with a Micro-
FIRE A/R camera (Optronics, Muskogee, Okla., USA). Cell quan-
tification was conducted using the Optical Fractionator Probe
within the Stereo Investigator software (MBF Bioscience, Micro-
BrightField Inc., Williston, Vt., USA). Counting was done using a
x40 lens. A 500 by 500 pm area of cortex 200 wm lateral to the
midline and 200 pm above the corpus callosum was counted. Sev-
en sections were counted for each animal, with an average of 210
counting fields per animal and an average section thickness fol-
lowing processing of approximately 35 pm.

Brain Progenitor Pool after Injury

In order to reduce bias between samples, all tissue was pro-
cessed in the same manner (as described in the Immunohisto-
chemistry subsection). In order to minimize the effect of shrink-
age, a height sampling fraction of 30 wm was used to account for
actual postprocessing thickness. Due to the nature of the count-
ing region, an area sampling fraction of 1 was used. A section
sampling fraction of 6 was used (every sixth section was counted).
Only slides with homogenous staining and all sections present
were counted, and the coefficient of variation for each animal
quantified was less than 15%.

Western Blotting

Animals were sacrificed 24 h following the treatment period,
and hippocampus and cortex tissue samples were collected. Sam-
ples were homogenized and cellular debris was removed by cen-
trifugation for PDGFR-a and MBP immunoblotting. Protein
concentrations were determined for each sample using a BCA
Protein Assay (Thermo Scientific). For MBP immunoblotting, 10
g of protein was used per well, and 20 pg of protein was used per
well for PDGFR-a blotting. A 10% polyacrylamide gel was used
for PDGFR-a blotting, while a 15% gel was used for MBP immu-
noblotting.

After the gels were run, protein was transferred to a polyvi-
nylidene fluoride membrane and blocked for 1 h in 5% nonfat
milk at room temperature. The membrane was incubated in pri-
mary antibody for 2 h at room temperature, washed, and then
incubated in secondary antibody for 1 h at room temperature.
Primary antibodies used included mouse anti-MBP (1:1,000; Co-
vance), rabbit anti-PDGFR-a (1:1,000; Santa Cruz Biotechnology)
and mouse anti-B-tubulin (1:30,000; Sigma-Aldrich, St. Louis,
Mo., USA). All secondary antibodies were raised in goat serum
and used at a concentration of 1:10,000 (Vector Laboratories). All
washes were conducted in PBS with 0.2% Tween. Protein bands
were visualized using Lumi Light Western Blotting Substrate
(Roche, Basel, Switzerland).

Wire Hang

P7 HSV-TK-positive (n = 6) and HSV-TK-negative (n = 6) mice
were given ganciclovir (100 mg/kg/day) via intraperitoneal injec-
tion for 7 days. The animals survived and underwent wire hang
testing (Letica, Bioseb, France) on P15 to assess gross motor
strength. The mice were suspended by their forepaws on a thin
metal wire over a cushioned box, and latency to fall was recorded.
Each animal underwent 3 trials 10 min apart.

Statistical Analysis

Statistical analysis was performed with Prism 5 software. The
t test (for paired data) or one-way ANOVA (for nonparametric
data) with Bonferroni post hoc correction was used for data anal-
ysis.

Result

Glial Progenitors Peak prior to Myelination, Which

Occurs after Neurogenesis Is More Quiescent

The neuronal progenitor population has been the fo-
cus of extensive research from which significant progress
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has been made in the understanding of both its normal
development and its response to injury [Parent et al.,
2002; Emsley et al., 2005; Richardson et al., 2007; Miles
and Kernie, 2008; Yu et al., 2008; Kernie and Parent,
2010]. Less is known regarding the glial progenitor popu-
lation. As is the case with neuronal progenitors, there are
different types of glial progenitors, which are distin-
guishable from each other by the proteins they express.
The earliest form of oligodendrocyte progenitors ex-
presses PDGFR-a, whereas mature oligodendrocytes ex-
press myelin-associated markers such as MBP [Woodruff
et al,, 2001; Back et al., 2007]. Although there are some
data regarding these progenitors in the developing rat,
the degree of proliferation of this glial progenitor popula-
tion has not been as well studied in mice [Pringle et al.,
1992; He et al., 2009].

In order to gain a more thorough understanding of the
timeline of oligodendrocyte progenitor development in
mice, we established profiles using the progenitor marker
PDGFR-a and the mature oligodendrocytic marker
MBP. We obtained sections encompassing the hippocam-
pus and corpus callosum of wild-type mice at PO, P7, P14,
P21, P28 and P60, and performed immunohistochemis-
try and Western blot analysis (fig. 1). A steady decline in
PDGFR-a expression is apparent over the period from
PO to P60 with minimal expression after P21 (fig. laf,
m). We also observed a corresponding increase in MBP
expression from PO to P60 with no significant expres-
sion appearing until P21 (fig. 1g-1, n). These trends in
PDGFR-a and MBP expression correspond with the
onset of myelination at P21, which follows the decline in
neuronal progenitor proliferation [Sauvageot and Stiles,
2002; Koch et al., 2008]. We also analyzed the presence of
PDGFR-a and MBP in the cortex along with the prolif-
eration marker Ki-67, which is specific for all phases
of cycling cells but is absent from resting cells [Scholzen
and Gerdes, 2000]. Here, we observed many proliferating
PDGFR-a-expressing progenitors at early time points, PO
and P7, but fewer at later times. Interestingly, however,
the proliferation of cortical PDGFR-a-expressing cells
persisted through P60 (fig. lo-t, arrows).

Ablation of Early Neural Progenitors Causes Profound

Cortical Dysplasia

We recently developed a novel transgenic mouse line
that contains a modified version of the HSV-TK in addi-
tion to eGFP, downstream from the nestin promoter and
its second intron regulatory element [Yu et al., 2008]. This
nestin-HSV-TK transgenic mouse line allows for the spe-
cific, controlled ablation of dividing type 1 and 2a neural

502 Dev Neurosci 2010;32:499-509

progenitors by administering the antiviral drug ganciclo-
vir [Yu et al., 2008]. Using this mouse line, we are able to
selectively ablate dividing neural progenitors at any point
in development.

While many of the current studies focus on the peri-
natal period, studies looking at prenatal time points shed
light on early development and the pathophysiology of
certain developmental disturbances [Takashima et al.,
2009]. We first administered ganciclovir by injection
once daily to pregnant transgenic mice at E15.5-E19.5,
during the peak of cortical neurogenesis. We observed
that at PO, the entire forebrain of transgenic pups exposed
to ganciclovir was ablated, whereas the already formed
hindbrain was mostly intact (fig. 2a—c). This demon-
strates that, prenatally, when there is a relatively nonspe-
cific abundance of dividing progenitors, injuries to this
population result in very profound cortical deficits.

Ablation of Postnatal Progenitors Leads to Depletion
of Cortical Oligodendrocyte Precursors at Early
Postnatal Stages

Since white matter injury is so common in infants and
young children after a variety of brain injuries including
TBI, we investigated whether the age at which the injury
occurs might affect cortical myelination. We first took
nestin-HSV-TK transgenic animals and treated them
from either P7-P14 or P14-P28 with ganciclovir to mim-
ic roughly the newborn and infant (P7-P14) and the
young toddler to early school-aged (P14-P28) equivalents
of human white matter development. Here we find that
early treatment from P7 to P14 essentially eliminates
PDGFR-a-expressing glial progenitors from the cortex.
This is demonstrated using histology with stereology-
based cell counting as well as Western blot analysis for
overall quantification (fig. 3a-d). Later treatment from
P14 to P28, however, resulted in no significant differenc-
es in the cortical progenitor population either by cell
counts or Western blot (fig. 3e-h). These data suggest that
at the time when progenitors are dividing and migrating
and are known to be vulnerable to injury, their presence
is required at this critical window in order for the normal
cortical population to be present.

We next examined whether elimination of dividing
progenitors affected cortical myelination at these time
points. By performing triple immunostaining with Ki-67,
PDGFR-a and MBP, we were able to demonstrate that the
dividing Ki-67 population is essentially entirely eliminat-
ed following exposure to ganciclovir from P7 to P14, but
when exposed from P14 to P28, there is essentially no
change since the proliferating population is so much low-
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Fig. 1. During normal development, the PDGFR-a-expressing ol-
igodendrocyte progenitor population declines as the number of
MBP-expressing mature oligodendrocytes increases. Cortical
sections taken from wild-type animals at PO-P60 were stained for
the oligodendrocyte progenitor marker PDGFR-« (a-f) and the
mature oligodendrocyte marker MBP (g-I) using immunohisto-
chemistry. Higher-magnification images of sections taken over
the period from PO to P60 stained with PDGFR-a, MBP and the

Brain Progenitor Pool after Injury

proliferation marker Ki-67 demonstrate that proliferating oligo-
dendrocyte progenitors diminish over time as myelination oc-
curs, though proliferative PDGFR-a-expressing progenitors per-
sist atleast through 2 months of age (o-t, arrows). Scale bars = 500
wm (a, g) and 50 wm (a, inset, 0). m, n Western blot analysis of
cortical samples taken from animals ranging in age from PO to
P60 was used to characterize PDGFR-« (180 kDa; m) and MBP
(14 kDaj; n) expression.
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POWT +Gan

PO nestin-HSV-TK -Gan

Fig. 2. Prenatal ablation of dividing neural progenitors impairs
cortical development. Pregnant nestin-HSV-TK mice were treat-
ed with ganciclovir (+Gan) daily (200 mg/kg/day) via intraperito-
neal injection from E15.5 to E19.5. Sections were taken at P0 (a-c).
The forebrain of treated transgenic animals is completely ablated
(c; arrows), while the hindbrain, which has been formed prior to
treatment, remains intact (c).

er during the later developmental window (fig. 4). MBP
staining overall does not look qualitatively much differ-
ent in this section of the cortex for either group (fig. 4).

Ablation of Postnatal Progenitors Leads to

Myelination and Motor Deficits at Early Postnatal

Stages

Although the absence of cortical progenitors following
ganciclovir-induced ablation of dividing progenitors sug-
gests subsequent myelination problems, we tested this by
performing Western blot analysis on early- and late-treat-
ed transgenic mice with MBP. Here, we observed that
mice treated from P7 to P14 demonstrated loss of overall
hippocampal MBP by Western blot (fig. 5a). This was not
observed in later-treated animals from P14 to P28 (not
shown). In addition, we performed a wire hang motor be-
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PO nestin-HSV-TK +Gan

havior assay on both groups of animals following ganci-
clovir treatment. Only those treated from P7 to P14
showed persistent motor deficits when compared to the
control population (fig. 5b).

Discussion

Age-related differences in recovery following brain in-
jury have long been observed in rodent and primate mod-
els, and more recently in humans [Giza et al., 2009]. Neu-
ral development continues throughout childhood and
adolescence, with waves of synaptogenesis followed by
subsequent pruning taking place in each of the major cor-
tical regions, starting in the occipital lobe in the early
postnatal period and concluding in the frontal lobe dur-
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Fig. 3. Ganciclovir (Gan) treatment in nestin-HSV-TK transgenic
mice depletes PDGFR-a-expressing glial progenitors in the cor-
tex when given from P7 to P14. Nestin-HSV-TK mice were given
Gan daily from P7 to P14. Examination of the cortex at P15 re-
vealed that the PDGFR-a-expressing population was almost en-
tirely depleted (a, b). Stereological counts were performed on a
subset of cortex, and there was an over 10-fold decrease in cell
number in animals treated with Gan (c). Similarly, Western blot

ing late adolescence and early adulthood [Giza et al,,
2009; Johnston, 2009]. This ongoing development is be-
lieved to be why pediatric patients appear to have an ad-
vantage over adult patients in some aspects of recovery
following TBI [Giza et al., 2009; Johnston, 2009]. Con-
trary to this ‘younger is better’ paradigm, follow-up stud-
ies have shown that even mild TBI often has long-term
behavioral effects, some of which appear to ‘come out’
with age as patients reach developmental milestones not
achieved prior to injury [Giza et al., 2009; Goold and
Vane, 2009; Sookplung and Vavilala, 2009]. The diverse
neurological and cognitive effects of TBI have been found
to have a particularly profound impact on hippocampal
and forebrain function [Giza et al., 2009; Kernie and Par-
ent, 2010]. This, in addition to the self-recovery observed
in all but the most severe cases, suggests that forebrain
neurogenesis may play an important role in recovery fol-
lowing TBI [Richardson et al., 2007; Kernie and Parent,
2010].

The response of NSC to TBI has been characterized
using a transgenic mouse line containing eGFP under the

Brain Progenitor Pool after Injury

analysis at P15 shows depletion of PDGFR-« from the entire cor-
tex (d). In contrast, animals treated with Gan from P14 to P28
show no difference in PDGFR-a cell number or Western blot
quantification when analyzed at P29 (e-h). Insets in a, b, e and f
are higher-magnification images of representative areas counted
in cand g. For cand g: n = 4 controls and 5 treated for each group.
**¥ p < 0.0001. Scale bars = 500 um (a) and 50 wm (a, inset).

control of the neural stem- and progenitor cell-specific
nestin promoter and its second intron regulatory element
[Yu et al., 2008]. This nestin-eGFP mouse line allows for
making distinctions between the different cell types in
order to identify vulnerable populations. Using this nes-
tin-eGFP mouse in a well-established model for TBI, con-
trolled cortical impact, type 2 DCX-expressing cells were
found to have heightened vulnerability to injury, while
the type 1 earlier eGFP-expressing progenitors, which are
normally more quiescent, are induced to proliferate fol-
lowing controlled cortical impact [Yu et al., 2008]. Stud-
ies like this highlight how the same injury can affect ad-
jacent cell populations quite differently depending on
how far along the maturation curve they have progressed.
This has significant implications on how one might re-
cover from the same acquired brain injury depending on
how many progenitors are present in the injured area and
at what age the injury occurs.

Less is known about the oligodendrocyte progenitor
cell population following TBI, even though changes in
white matter are some of the most apparent after injury.
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Fig. 4. Dividing progenitors from nestin-HSV-TK transgenic
mice are depleted when treated from P7 to P14. The pan-dividing
cell marker Ki-67 was used in conjunction with PDGFR-a and
MBP, and only in the animals treated from P7 to P14 were Ki-67-
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expressing dividing cells depleted (a-h). In animals treated from
P14 to P28, there were fewer Ki-67-expressing cells in both the
control and treated groups, with no differences noted between the
two (i-p). Gan = Ganciclovir. Scale bar (a) = 100 pwm.
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Fig. 5. Nestin-HSV-TK mice treated a
from P7 to P14 have impaired myelina-
tion and motor function. Western blot
analysis was performed on hippocam-
pal tissue from P15 animals for MBP,
which was highly diminished in ani-
mals treated from P7 to P14 (a). At P15,
animals were tested for motor function
using a wire hang device, and those
treated from P7 to P14 were impaired
compared to controls (b; n = 5 for each
group). * p < 0.05. Gan = Ganciclovir.
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Work done previously using a hypoxic-ischemic neonatal
rat model demonstrated that the mechanism of white
matter injury, like neuronal injury, involves maturation-
dependent vulnerability [Back et al., 2002, 2007; Segovia
et al., 2008]. As in the neuronal progenitor population,
there are different types of oligodendrocytes depending
on their level of differentiation, which are distinguishable
from each other by the proteins they express and their
capacity to proliferate. The earliest form of oligodendro-
cytes is the progenitor which gives rise to the preoligo-
dendrocyte population [Back et al., 2007]. These preoli-
godendrocytes then give rise to postmitotic, immature
oligodendrocytes, which then finally differentiate into
mature oligodendrocytes [Back et al., 2007]. Preoligoden-
drocytes and late progenitors have been found to be more
susceptible to glutamate-induced cell death and oxidative
stress following hypoxia-ischemia than mature oligoden-
drocytes [Back et al., 2002; Ness et al., 2004; Back et al.,
2007; Segovia et al., 2008]. In mice, the peak of oligoden-
drogenesis occurs at 2 weeks postnatally, with the major-
ity of myelination occurring between 3 and 6 weeks [Sau-
vageot and Stiles, 2002; Koch et al., 2008]. The period of
vulnerability for periventricular white matter injury co-
incides with the peak of oligodendrogenesis, with a
marked decline in incidence with the onset of maturation
of the vulnerable preoligodendrocyte population [Back et
al., 2001].

In addition to these effects on the white matter oligo-
dendrocyte population, more recent findings suggest that
insults also have significant effects on gray matter oligo-
dendrocyte progenitors in the neocortex [Rothstein and
Levison, 2005]. These gray matter oligodendrocytes, or
satellite oligodendrocytes, are nonmyelinating cells be-
lieved to perform important homeostatic functions to
sustain the neuronal microenvironment [Baumann and
Pham-Dinh, 2001; Rothstein and Levison, 2005]. Recent
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studies have coined the term ‘polydendrocytes’ to de-
scribe these highly branched NG2 and PDGFR-a-ex-
pressing oligodendrocyte progenitor cells, suggesting
them as a fourth unique glial cell type [Nishiyama et al.,
2009]. While they are known to differentiate into my-
elinating oligodendrocytes, they are now believed to have
the potential to give rise to neurons and astrocytes as well
and may even be integrated into the synaptic network
[Nishiyama et al., 2009]. These findings suggest the di-
verse effects of insults to the oligodendrocyte progenitor
cell population for brain homeostasis beyond those func-
tions attributed to myelination.

Transgenic mouse models have emerged as an invalu-
able tool in biomedical research and have transformed
the study of brain injury and its effects on the progenitor
populations in the CNS. Such tools have now gone be-
yond examining the effects of merely ubiquitously delet-
ing a gene from a given animal line, but now allow for
more precise control of genetic perturbations. This is par-
ticularly valuable in the study of acquired brain injury
such as TBI, where brain development is generally nor-
mal, but after the injury itself, a variety of cell-specific
changes occur that can now be much more accurately as-
sessed than what could be analyzed in the recent past us-
ing either nontransgenic or classical gene targeting strat-
egies [Richardson et al., 2007; Kernie and Parent, 2010].
These models are particularly valuable in the character-
ization of the response of specific cell populations to
stimuli because of their specificity and their ability to be
temporally regulated. For example, prior to the use of ge-
netically targeted cell ablation, the only way to model in-
terruptions in development and acquired brain injury
specific to the progenitor population was by irradiation
or the use of chemical inhibitors, both of which were
markedly nonspecific and resulted in secondary damage,
making it difficult to determine causal relationships
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[Shors et al., 2001; Gourevitch et al., 2004; Rola et al.,
2004; Leuner et al., 2006; Winocur et al., 2006; Wojto-
wicz, 2006; Yu et al., 2008]. Here, we have demonstrat-
ed how a ganciclovir-based genetic approach allows for
much finer control of ablation-type experiments, and
similar approaches can be used to specify other genetic
changes in particular cell populations at specified times.

The maturation-dependent vulnerability seen in both
the neuronal and glial cell populations suggests potential
mechanisms for the age-dependent injury seen in TBI.
The nestin-HSV-TK transgenic mouse line described
here allows for selective ablation of dividing progenitors
during different developmental stages. Here, we demon-
strate that in younger animals, injuries that occur during
the peak of myelination result in tightly regulated age-
dependent changes that likely influence motor recovery
after injury. These data suggest that injuries such as TBI
that occur at very young ages are likely to effect subse-
quent white matter development. This has interesting im-
plications on restorative therapies for younger children
that may need to be based more on facilitating oligoden-
drocyte-specific recovery as opposed to older children
where this population may not be as susceptible to ad-
verse sequelae following similar injuries.
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