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Abstract

Multipotent neural stem/progenitor cells (NS/NPCs) that are capable of generating neurons and glia offer
enormous potential for treating neurological diseases. Adult NS/NPCs that reside in the mature mammalian
brain can be isolated and expanded in vitro, and could be a potential source for autologous transplantation to
replace cells lost to brain injury or disease. When these cells are transplanted into the normal brain, they can
survive and become region-specific cells. However, it has not been reported whether these cells can survive for
an extended period and become functional cells in an injured heterotypic environment. In this study, we tested
survival, maturation fate, and electrophysiological properties of adult NS/NPCs after transplantation into the
injured rat brain. NS/NPCs were isolated from the subventricular zone of adult Fisher 344 rats and cultured as
a monolayer. Recipient adult Fisher 344 rats were first subjected to a moderate fluid percussive injury. Two
days later, cultured NS/NPCs were injected into the injured brain in an area between the white matter tracts
and peri-cortical region directly underneath the injury impact. The animals were sacrificed 2 or 4 weeks after
transplantation for immunohistochemical staining or patch-clamp recording. We found that transplanted cells
survived well at 2 and 4 weeks. Many cells migrated out of the injection site into surrounding areas expressing
astrocyte or oligodendrocyte markers. Whole cell patch-clamp recording at 4 weeks showed that transplanted
cells possessed typical mature glial cell properties. These data demonstrate that adult NS/NPCs can survive in

an injured heterotypic environment for an extended period and become functional cells.
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Introduction

RAUMATIC BRAIN INJURY (TBI) is the leading cause of

death and disability of persons under the age of 45 years
in the U.S. The recovery from such injuries is severely hin-
dered due to the limited ability of the adult brain to replace
damaged neurons lost to injury. Recent experimental suc-
cesses in cell replacement in models of Parkinson’s disease
and other neurodegenerative diseases have inspired TBI re-
searchers to investigate this approach for treating the injured
brain (Studer et al., 1998).

The therapeutic potential of cell transplantation is based on
the speculation that transplanted cells can differentiate into
region-specific cells and integrate into the host tissue to re-
place lost cells in the injured brain; alternatively, transplanted
cells could provide neurotransmitters or trophic factors in
local CNS tissue to facilitate survival or regeneration of host

cells (Bjorklund et al., 2000; Gates et al., 2000). Recent findings
show that the mature mammalian CNS harbors multipotent
stem cells that can differentiate into a variety of specialized
cells throughout life (Gage et al., 1998; Lois and Alvarez-
Buylla, 1993). These findings highlight the potential thera-
peutic value of adult-derived neural stem and progenitor cells
(NS/NPCs) in treating neurological disorders and the injured
brain (Gage et al., 1995; McKay, 1997).

NS/NPCs in the adult mammalian CNS are primarily
confined to the subventricular zone (SVZ) surrounding the
lateral ventricle and the dentate gyrus (DG) of the hippo-
campus (Altman and Das, 1965; Lois and Alvarez-Buylla,
1993). These adult-derived stem cells express low levels of the
major histocompatibility complex antigens (Klassen et al.,
2003) and display high survival rates following transplanta-
tion into the adult striatum of hemiparkinsonian rats
(Dziewczapolski et al., 2003). Such properties make these cells
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potential candidates for neuronal cell replacement therapy.
The survival and differentiation of these adult NS/NPCs
following transplantation has been known to depend on both
the intrinsic properties of the grafted cells and the regional
environmental cues in the host. In normal conditions, cultured
adult NS/NPCs can differentiate into region-specific neurons
when transplanted into neurogenic regions such as the SVZ or
hippocampus (Gage et al., 1995; Suhonen et al., 1996). How-
ever, when transplanted into non-neurogenic sites, these cells
differentiate primarily into glia or remain undifferentiated
(Dziewczapolski et al., 2003; Gage et al., 1995; Herrera et al.,
1999; Richardson et al., 2005a). This suggests that the in vivo
fate of transplanted cells is regulated by the intrinsic proper-
ties of grafted cells and the local environmental cues in the
host.

To date, few studies have attempted to examine the be-
havior of adult NS/NPCs in the injured mature CNS, and it is
not clear to what extent changes in the CNS microenviron-
ment following injury affect the fate of transplanted adult
NS/NSCs, and whether these cells can become anatomically
and functionally integrated into an injured heterotypic envi-
ronment. In this study, we tested the long-term survival and
maturation fate of adult NS/NPCs after transplantation into
the injured peri-lesion cortex in animals following TBI. We
also assessed the electrophysiological properties of the
transplanted cells using whole-cell patch-clamp techniques.

Methods
Animals

Two- to three-month-old male Fisher 344 rats weighing
approximately 160250 g were used in this study. The Fisher
344 rat is an inbred strain that allows for immunocompatible
allografting without using immunosuppressants. The animals
were housed in an animal facility, with a 12-h light/dark
cycle, and water and food provided ad libitum. All procedures
were approved by the VCU Institutional Animal Care and
Use Committee.

Cell isolation and culturing

Cultures were derived from 2-month-old rats. The rat
brains were dissected from deeply anesthetized rats that were
sacrificed by cervical dislocation. For each culture set, multi-
ple brains were pooled together and placed in sterile PBS
containing 1% penicillin/streptomycin (P/S) solution on ice
and transferred to a sterile tissue culture hood. NS/NPCs
were isolated and cultured following a protocol described
previously (Richardson et al., 2005b). Briefly, the SVZs were
dissected, minced, and enzymatically treated with papain.
After passing through ascending gauged needles, cell sus-
pensions were suspended and washed with sterile phosphate-
buffered saline (PBS). The NS/NPCs were then enriched with
modified Percoll gradient protocol (Palmer et al., 1995) and
subsequently plated to poly-L-ornithine- and laminin-coated
flasks. The cells were cultured as a monolayer in DMEM-F12
medium containing 20 ng/mL bEGF and 1% N2 supplement.
Fresh medium was changed every 3 days. Once confluent, the
cells were replated. The second-passage cells were used for
transplantation.

To examine the cell phenotype at the time of transplanta-
tion, a parallel set of cells were plated in a coated 24-well plate
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for each batch of culture. On the day of transplantation the
cells that were plated on the 24-well plates were fixed and
processed for immunofluorescence staining with cell type-
specific markers, including glial fibrillary acidic protein
(GFAP, an astrocyte marker), RIP (a mature oligodendrocyte
marker), NG2 (an immature oligodendrocyte marker), nestin
(a neural stem and progenitor cell marker), NeuN (a mature
neuronal marker), and Tujl (an immature neuronal marker),
following our published protocol (Richardson et al., 2005a).

Cell labeling

In order to study survival and differentiation of trans-
planted cells, cultured cells were labeled with BrdU. BrdU
(10 uM) was added into the culture medium for 72 h before
cells were harvested and used for transplantation. For elec-
trophysiological study, cultured cells were transduced with
the lentiviral vector pLL3.7 encoding internal reporter en-
hanced green fluorescent protein (EGFP), which allows easy
identification of the transduced cells. This lentiviral vector has
been widely used to efficiently and stably transduce NS/
NPCs and generate transgenic animals. Packaging, purifica-
tion, and titer determination of the lentivirus were performed
as described previously (Hu et al., 2006). For cell transduction,
24h after NS/NPCs were re-plated and attached to the cul-
ture flask, 100 uL of pLL3.7 lentivirus (1x10® TU/mL) was
added to the culture medium. One day later, the virus-con-
taining medium was removed and the cells were grown in
culture conditions as described above until confluent. Fluor-
escent activated cell sorting showed that approximately 90%
of NS/NPCs were labeled with EGFP.

Lateral fluid percussion injury

A group of male Fisher 344 rats approximately 3 months
old was subjected to a moderate lateral fluid percussion injury
(FPI) or sham injury following our previously described
protocol (Sun et al., 2007). Briefly, adult rats were anesthetized
in an acrylic glass chamber with 3% isoflurane, intubated, and
ventilated with 2% isoflurane in a gas mixture (30% oxygen
and 70% N), and secured in a stereotaxic frame. After a
midline incision and exposure of the skull, a 4.9-mm crani-
otomy was made on the left parietal bone half way between
the lambda and bregma sutures. A Luer-lock syringe hub was
affixed to the craniotomy site with cyanoacrylate glue and
further cemented with dental acrylic to the skull, at which
point the anesthesia was switched off. Once the animal re-
gained consciousness showing toe and tail reflexes, the Luer-
lock fitting filled with saline was connected to a pre-calibrated
fluid percussion device and a 2.1+£0.02 atm fluid pulse was
administered. Sham animals went through the same surgical
procedure without receiving the fluid pulse. After injury, the
Luer-lock fitting was removed, the animal was returned to the
surgical table, the incision was sutured, and righting time was
assessed. Once recovered from anesthetic under a thermal
blanket, the animals were returned to a clean cage.

Cell transplantation

At 2 days following brain injury, animals received cell in-
jection. Specifically, cultured NS/NPCs at the second passage
that were labeled with BrdU or lentiviral EGFP were har-
vested, dissociated into single cells with trypsin, and followed
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by concentration with PBS to a final concentration of 4 x 10*
cells/ uL and stored on ice. The animals were anesthetized and
ventilated with 2% isoflurane, and secured in a stereotaxic
frame. The skull was cleaned and the FPI craniotomy site
exposed. Cells were then injected into the injury ipsilateral to
the peri-injury cortical region at the following coordinates:
AP -3/-4.0mm, ML -3.5mm, DV -3mm. A 10-uL Ha-
milton syringe with a 26-G beveled needle was mounted on
an automated syringe driver to deliver 2 uL. of cells for each
injection site at a rate of 0.5uL/min. To prevent backflow
along the needle track, the needle was left in situ for 5min
prior to and after cell injection. Control animals received PBS
injection only.

Tissue processing and immunohistochemistry

To identify the survival and differentiation of the trans-
planted cells, the rats were perfused at 2 or 4 weeks following
cell injection (=5 in the injured group at each time point, n=4
in the sham group at each time point). The animals were
euthanized with sodium pentobarbital and transcardially
perfused with PBS, followed by 4% paraformaldehyde in PBS,
and the brains were dissected and post-fixed in 4% parafor-
maldehyde for 48h at 4°C. The brains were cut coronally at
50 ym with a vibratome through the tissue encompassing the
injection site. Sequential sections were collected in 24-well plates
filled with PBS plus 0.01% sodium azide and stored at 4°C.

To identify transplanted cells, the sections were processed
for BrdU immunohistochemistry following our previously
published protocol (Sun et al., 2007). Briefly, the sections were
washed with PBS, and denatured with 50% formamide for
60 min at 65°C followed by a rinse in 2 x saline-sodium citrate
buffer (SSC), and then incubated with 2N HClI for 30 min at
37°C. After denaturing, the sections were washed with PBS
and endogenous peroxidase was blocked using 3% H;O,.
After overnight serum blocking with 5% normal horse serum,
the sections were incubated with mouse anti-BrdU antibody
(1:200; Dako North America, Inc., Carpenteria, CA) in PBST
(PBS with 0.4% Triton-X) plus 5% normal horse serum at 4°C
for 48 h. After rinsing with PBST, the sections were incubated
with HRP-conjugated anti-mouse IgG (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA) overnight at 4°C and visu-
alized with diaminobenzidine (DAB). Sections were mounted
on glass slides, lightly counterstained with cresyl violet, and
cover-slipped.

To determine the differentiation fate of the transplanted
cells, parallel sections were processed for immunofluorescence
double labeling using antibodies against BrdU and markers for
immature neurons (Tuj1), mature neurons (NeulN), neural stem
cells and astrocytes (nestin and GFAP), immature astrocytes
(vimentin), macrophages, and activated microglial cells (ED1),
as well as oligodendrocytes (Olig2, which recognizes both
mature and immature oligodendrocytes). Two sections per
brain were stained for each cell type-specific marker. The
staining procedure was similar to the BrdU staining described
above. The primary antibodies used were mouse anti-NeuN
(1:500; Chemicon International, Temecula, CA), mouse anti-
nestin (1:500; Millipore, Billerica, MA), rabbit anti-Tuj1 (1:1000;
Covance Inc., Princeton, NJ), mouse anti-ED1 (1:500; Chemi-
con), mouse anti-vimentin (1:500; Dako North America) com-
bined with sheep anti-BrdU (1:200; Biodesign International,
Saco, ME), and rabbit anti-GFAP (1:1000; Dako North America),
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rabbit anti-Olig2 (1:2000; kindly provided by Drs. John Alberta
and Chuck Stiles, Dana-Farber Cancer Institute, Boston, MA),
with mouse anti-BrdU (1:200; Dako North America). The sec-
ondary antibodies used were Alexa Fluor 488 anti-sheep IgG,
Alex Fluor 488 or 568 anti-mouse IgG, or Alex Fluor 568
anti-rabbit IgG (1:200; Molecular Probes, Eugene, OR). After
DNA denaturing, endogenous peroxidase and serum block-
ing, the sections were incubated with primary antibodies for
72h at 4°C with constant agitation. After washing, the sections
were then incubated with the secondary antibodies overnight
at 4°C. Finally, the sections were mounted on glass slides
and cover-slipped with Vectashield (Vector Laboratories,
Burlingame, CA).

Stereological quantification of BrdU-labeled
transplanted cells

To quantify the number of surviving transplanted cells,
BrdU-stained sections were examined with an Olympus Im-
age System CAST program. The optical fractionator method
was used to estimate the total number of BrdU-positive cells
following our previously described method (Sun et al., 2009).
This design-based stereological method to estimate cell num-
bers has been widely used by our lab. To do this, the region of
interest was outlined using a 4 x objective. A 60 x oil-immersion
objective was used for cell counting. Within the region of in-
terest, an optical dissector counting frame was used to count
BrdU-positive cells at predetermined regular x, y intervals.
The area (1) of the counting frame was known relative to the
stage-stepping intervals over the section, the sampling frac-
tion (asf)=a (frame)/a (x,y step). The dissector height (1) was
known relative to the section thickness (t). With these pa-
rameters, the number of total cell counts (1) was estimated as
n=%Q " -t/h-1/asf-1/ssf, where ssf was the section-sampling
fraction (0.25 in this study), and £Q ~ was the number of cells
counted. For each rat brain, an average of six sequential sec-
tions that contained BrdU-positive cells spaced 300 um apart
were examined by a blinded observer.

Quantification for double-labeled cells

To quantify the percentage of BrdU-labeled transplanted
cells that had differentiated into the various cell types, the
sections were examined by confocal microscopy. Because cells
in the center of the injection were packed together, only cells
outside the center were examined to assess the co-labeling of
BrdU with cell type-specific markers. A minimum of 100 BrdU-
positive cells per brain were examined for each marker. Each
BrdU-positive cell was manually examined in its full “z”
dimension, and only those cells for which the BrdU-positive
nucleus was unambiguously associated with a given cell type-
specific marker was considered double-labeled. The percent-
age of double-labeled cells was calculated as the number of
BrdU+ /GFAP+, BrdU+/NeuN+, BrdU+/ED1+, or
BrdU + /Oligo2 + cells against the total number of BrdU + cells.

Electrophysiological studies

To assess the electrophysiological properties of the trans-
planted cells, injured animals received injection of lentiviral
EGFP-transduced NS/NPCs at 2 days post-injury. At 4 weeks
following cell injection, rat brain slices were prepared as
described previously (McQuiston, 2007). Briefly, the rats were
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deeply anesthetized with ketamine (200 mg/kg) and xylazine
(20mg/kg), transcardially perfused with ice-cold buffer
(consisting of in mM: sucrose 230, KCI 2.5, CaCl 1, MgCl, 4,
NaHPO, 1, NaHCO; 25, and glucose 25) and sacrificed by
decapitation. The brains were then removed and 350-um thick
coronal slices encompassing the cell injection site were cut
with a vibratome 3000 (Ted Pella Inc., Redding CA). The
sections were incubated in a holding chamber at 35°C con-
taining artificial cerebrospinal fluid (CSF) consisting of in
mM: NaCl 125, KCI 3.0, CaCl 1.2, MgCl, 1.2, NaHPO, 1.2,
NaHCO; 25, and glucose 25, bubbled with 95% O,/5% CO,.
After 30min the slices were permitted to return to room
temperature. Grafted EGFP-labeled NS/NPCs were identi-
fied through the combination of differential interference
contrast (DIC) videomicroscopy and fluorescence micros-
copy. More specifically, the slices were submerged and per-
fused in a glass-bottom recording chamber with oxygenated
artificial CSF (32-34°C), which was mounted on a fixed stage
under an Olympus BX51WI microscope equipped with DIC
optics. Cells in the slice were visualized using transmitted
near-infrared light (>775nm) with a 20x(0.95 NA) water-
immersion objective. The EGFP-expressing cells were identi-
fied by epifluorescence (150 W xenon lamp; Osram, Munich,
Germany; EGFP-Endow EGFP bandpass emission filter set
[excitation filter 470/40 bandpass, dichromatic beam splitter
495 long-pass, emission filter 525/50 bandpass]; Chroma
Technology, Rockingham, VT). Once EGFP-positive cells
were identified, patch pipettes (containing in mM: KMeSO,
135, NaCl 8, MgATP 2, NaGTP 0.3, HEPES 10, and BAPTAK,
0.1 [pH 7.25]) were guided to the cell body under the
20 x objective. Membrane potential responses of the cell were
recorded with an A-M Systems Model 2400 patch-clamp
amplifier and further amplified and filtered with a Brownlee
440 amplifier. To examine the membrane electrical properties
of transplanted cells, we measured the resting membrane
potential, input resistance, and membrane potential responses
to current injection. Electrophysiological data were digitized
by a PCI-6221 A /D board (National Instruments, Austin, TX),
and stored and analyzed on a personal computer using WCP
software (Dr. ]J. Dempster, University of Strathclyde, Glas-
gow, Scotland).

Morris Water Maze (MWM)

To test whether cell transplantation affected the cognitive
recovery of the recipients, the animals were tested in the
MWM at 20-24 days post-injury (1822 days following
transplantation). MWM testing was performed following our
previously published protocol (Sun et al., 2007). In the MWM
test, goal latency was used as the primary dependent variable.
Path length and swim speed were also analyzed. Prior to
MWM testing, a visual platform test was performed to con-
firm that the visual system of the animal was not impaired.
Briefly, the animals were placed in a large circular tank con-
taining opaque water and allowed to swim freely to find the
hidden goal platform (1 cm below the water’s 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, and W). MWM performance
was recorded using a computerized video tracking system,
and latency to find the platform, total distance swum to reach
the goal platform, and swim speed were calculated for each

SUN ET AL.

trial. Upon finding the platform, the animals were left there
for 30 sec before being removed from the maze and placed in a
warming cage to dry. Animals that did not find the platform
after 120 sec were placed on the platform for 30 sec and then
removed from the maze. In this study, 15 injured rats (9 with
cells and 6 with vehicle) and 13 sham rats (7 with cells and 6
with vehicle) were included.

Statistical analysis

The data generated were analyzed using SPSS software.
For MWM data analysis, the data were analyzed using a
split-plot analysis of variance (ANOVA) [treatment x day],
comparing the effect of group on goal latency. A Fisher LSD
test was performed to allow for pair-wise group contrasts.
Swim speed was also analyzed using a one-way ANOVA.
For cell quantification a one-way ANOVA with post-hoc
Fisher LSD test or the Student’s t-test with an applied Bon-
ferroni correction for multiple groups was utilized, with p
values <0.05 considered statistically significant. Data are
presented as mean + standard error of the mean (SEM) in all
figures.

Results
Cell phenotypes of transplanted cells

NS/NPCs used for transplantation were isolated from the
SVZs of the adult rats. Cells were cultured as a monolayer,
expanded in vitro, and used after two passages. To examine the
phenotype of cells used for transplantation, at the second
passage some cells were plated on a 24-well plate and were
processed for immunocytochemistry on the same day when the
same passage cells were used for transplantation. Immuno-
fluorescence staining showed that many cells were nestin- or
GFAP-positive, and very few cells expressed Tujl (Fig. 1). No
other markers were stained. To quantify the percentage of cells
expressing each marker, a minimum of 100 4,6-diamino-2-
phenylindole (DAPI)-positive cells were examined in three
random fields under a 20 x objective. Of all cultures, about 70%
of the cells were labeled with nestin, 65% of the cells were
labeled with GFAP, 62% co-expressed both nestin and GFAP,
and fewer than 3% of the cells were labeled with Tujl.

Survival of transplanted adult rat NS/NPCs

The feasibility of adult-derived NS/NPCs as a cell source
for transplantation was first tested in sham animals. Survival
of cells in the sham brain was assessed at 2 and 4 weeks
following transplantation. Subsequently, in the pilot study,
we tested the optimal post-injury time point for cell trans-
plantation and the most favorable location for cell survival in
an injured adult brain. Rat NS/NPCs were transplanted into
the injured CA3 region or peri-lesional cortical white matter at
2,7, or 14 days post injury, and sacrificed 1 or 2 weeks later.
Transplanted cells showed better survival when transplanted
at 2 days post-injury at the peri-lesion cortical-white matter
interface (data not shown). Subsequently, this time point and
location were used for the current study.

To assess the survival of adult rat NS/NPCs, recipients
were sacrificed at 2 or 4 weeks following cell injection.
Sequential coronal sections encompassing the injection site
from both injured and sham groups were processed for
BrdU immunostaining to identify transplanted cells that were
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FIG. 1. Expanded subventricular zone (SVZ) cells in vitro. After 14 days of in vitro expansion, cultured cells were im-
munostained with cell nuclear dye 4,6-diamino-2-phenylindole (DAPI, blue) and astrocyte marker glial fibrillary acidic
protein (GFAP, A and D, green), progenitor cell marker nestin (B, C, and D, red), and immature neuronal marker Tujl (C,

green).

labeled with BrdU in vitro before transplantation. At 2 weeks
following transplantation, BrdU-positive grafted cells were
mostly located at the cortex-white matter interface (Fig. 2A
and B). At 4 weeks following transplantation, BrdU-labeled
cells were more scattered compared to what was found at 2
weeks. Many BrdU-labeled cells migrated out of the injection
site into the surrounding areas (Fig. 2C and D). Atboth 2 and 4
weeks, there were few cells remaining along the injection
needle tract.

To estimate the total number of transplanted BrdU-labeled
cells that were present at 2 or 4 weeks after injection, six 50-
um-thick coronal sections through the injection site spaced
300 um apart were quantified using an unbiased stereological
optical fractionator method as previously described (Sun
et al., 2009, 2010). A total of 8 x10* cells (4x 10*x2 uL) were
injected initially. At 2 and 4 weeks following transplantation,
we counted 3.7x10*+1.3x10* cells and 2.9x10*+0.4x10*
cells in the injured groups, respectively, whereas
3.9x10*+1.1x10* and 3.1x10*+1x10* in the sham groups
were counted, respectively (Fig. 2E). The number of remain-
ing transplanted cells at 4 weeks was lower than the number
of cells at 2 weeks in both the sham and injured groups;
however, the difference was not statistically significant.

Fate of transplanted NS/NPCs

To assess the differentiation fate of the transplanted cells,
sequential coronal sections taken 4 weeks post-transplantation

were processed for double-immunofluorescence staining for
BrdU and either the neuronal markers (Tujl or NeuN), the
neural astrocytic markers (nestin or GFAP), the macrophage/
activated migroglia marker ED1, or the oligodendrocyte
marker Olig2. The sections were examined using confocal
microscopy. We found that BrdU-labeled transplanted cells at
the injection center were mostly non-differentiated cells with
weak nestin positivity in some of the cells. No co-labeling with
any other above-mentioned markers was found (data not
shown). Away from the injection center, many BrdU-labeled
transplanted cells were scattered along the white matter tract,
and predominantly differentiated into GFAP-labeled astro-
cytes showing typical astrocyte morphology (Fig. 3A-C). In
this area, many BrdU-labeled cells were co-labeled with Olig?2
(Fig. 3D-F), a marker for both mature and immature oligo-
dendrocytes (Ligon et al., 2004). Strong ED1-positive staining
was found along the injection needle tract, white-matter tract,
and the cortical lesion center in the injured groups, indicating
that injection and TBI induced an extensive inflammatory
response (Fig. 4B). Some BrdU-labeled nuclei were co-labeled
with ED-1, indicating that either transplanted cells were be-
coming inflammatory cells, or were being taken up by in-
flammatory cells. TBI and cell implantation also initiated
strong glial responses at those regions as revealed by vimentin
staining (Fig. 4D). Injury-induced host tissue reaction in the
white-matter tract overlapped, particularly with the cell graft
site. In order to better examine the fate of transplanted cells,
we quantified the percentage of double-labeled BrdU-positive
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FIG. 2. Survival of transplanted cells. Cultured adult rat multipotent neural stem/progenitor cells (NS/NPCs) were labeled
with 5-bromo-2-deoxyuridine (BrdU) in vitro 3 days before being used for transplantation and subsequent identification with
BrdU immunostaining. (A and B) Coronal section from an animal sacrificed 2 weeks following transplantation. Grafted cells
were mostly located at the cortex-white matter interface. (C and D) Coronal section taken from an animal sacrificed at 4
weeks following transplantation. Compared to 2 weeks, at 4 weeks many BrdU-labeled cells had migrated out of the injection
site into the surrounding areas. The arrow indicates the injection needle tract. (A and C) Bright-field view. (B and D) Phase-
contrast view. (E) Stereological assessment of the number of surviving cells at 2 and 4 weeks following transplantation. The
number of cells presented at both time points was similar in sham and injured brains. The total number of BrdU-labeled cells
at 4 weeks post-transplantation was lower compared to at 2 weeks in both the sham and injured groups; however, no

statistical significance was found (TBI, traumatic brain injury).

cells that migrated away from the injection center with cell
type-specific markers. We found that the percentages of
double-labeled BrdU/GFAP, BrdU/Olig2, and BrdU/ED1
cells were approximately 44%, 13%, and 21%, respectively, in
the injured brain. In the peri-lesion cortical region, few BrdU-
positive cells were found ambiguously co-labeled with the
mature neuronal marker NeuN (data not shown). No BrdU-
Tujl co-labeling was found. Similar maturational phenotypes
of the transplanted cells were found in sham animals.

Electrophysiological properties of transplanted
NS/NPCs

To assess whether transplanted cells can become mature
and functional cells in the injured microenvironment, a
group of injured animals received NS/NPCs labeled with
lentiviral-EGFP at 2 days post-injury. Four weeks following
transplantation, hippocampal slices were prepared for elec-
trophysiological investigations. Whole-cell patch-clamp re-
cordings were obtained from EGFP-expressing cells that were
fluorescently visualized in the hippocampal slices as small,
flat, and often spindle-shaped somata that displayed low
contrast under DIC optics. Injection of rectangular current
pulses into the soma of some EGFP-positive cells produced
membrane potential changes that varied linearly with current
amplitudes (Fig. 5). Some EGFP-positive cells produced
membrane responses with current-voltage relationships that
rectified either inwardly or outwardly. The resting membrane

potential of the recorded EGFP-positive cells was —75+4mV,
and they had input resistances varying from 35 to 160 MQ
(mean 108 +22 MQ; n=5). Importantly, none of the recorded
EGFP-positive cells exhibited any active membrane potential
responses such as action potentials, low threshold spikes, or
plateau potentials in response to depolarizing current injec-
tions. Taken together, the EGFP-positive cells displayed
electrophysiological responses consistent with glia and not
neurons (Sontheimer, 1994).

Cognitive function

In TBI studies, Sprague-Dawley rats are the most com-
monly used animal strain. Moderate lateral fluid percussive
injury (LFPI) in this strain induces significant cognitive defi-
cits that can be measured with the MWM test. We previously
found that compared to Sprague-Dawley rats, Fisher 344 rats
had a higher mortality rate and more acute post-TBI seizure
attacks, but fewer cognitive deficits following a moderate
LFPI (Reid et al., 2010). In the current study, cognitive func-
tion was tested at 20-24 days following LFPI (18-22 days
post-transplantation). Latency to find the goal platform was
analyzed for each day of MWM training using a one-way
ANOVA. No significant difference in the mean latency to
reach the platform was found between injured and sham
animals, nor did animals receive cells or vehicle injections
(Fig. 6). This suggests that the injury level of severity used in
the current study had no effect on cognitive performance in
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FIG. 3. Glial differentiation of transplanted rat multipotent neural stem/progenitor cells (NS/NPCs) in the injured brain at
4 weeks following transplantation. (A-C) Astrocytes: confocal micrograph showing double-labeling of 5-bromo-2-deoxyur-
idine (BrdU; green) and glial fibrillary acidic protein (GFAP, red). Many BrdU-labeled transplanted cells migrated away from
the injection center (arrowhead) along the white-matter tract and differentiated into spindle-shaped GFAP-labeled astrocytes
(arrows; scale bar =50 um). (D-G) Oligodendrocytes: confocal micrograph showing double-labeling of transplanted cells with
BrdU (green) and Olig2 (red). Arrows indicate that many BrdU-positive transplanted cells away from the injection center
(arrowhead) were co-labeled with Olig2 (E, red). Merged image shows co-localization of BrdU and Olig2 (F; scale bar=>50
um). (G) Highlighted image of the boxed area in F showing co-labeling of BrdU and Olig2.

Fisher 344 rats, similarly to what we reported previously
(Reid et al., 2010).

Discussion

The results of the current study demonstrated that NS/
NPCs isolated from the adult brain were capable of surviving
for an extended period in an acutely injured environment.
After being transplanted into the peri-injury cortical region,
these cells migrated along the white-matter tract becoming
region-specific astrocytes or oligodendrocytes, as shown by
immunohistochemistry as well as electrophysiologically. This
suggests that adult-derived NS/NPCs can become region-
specific functional cells in the injured adult brain.

Using transplantation to replace lost cells in the injured
brain and to restore function is a challenging but attractive
strategy. To date, published studies in this area have pri-
marily utilized cells derived from embryonic or fetal tissue
(Gao et al., 2006; Sinson et al., 1996, Wallenquist et al., 2009).
However, due to a host of biological, technical, and ethical
issues, many problems have been encountered in the use of
these cells, including cell availability, the risk of tumor for-
mation, and immunological rejection (Molcanyi et al., 2007;
Riess et al., 2007). To overcome such problems, in recent years,
adult-derived cells that could serve as a donor source for
autologous transplantation for TBI therapy have been ex-
plored. Thus far, the majority of studies investigating adult-
derived cells have focused on the potential of bone marrow
mesenchymal cells (Li and Chopp, 2009; Qu et al., 2009).
However, the reported beneficial effect of bone marrow cells
in the injured brain largely relies on the effect of modulating
the injured host brain rather than direct cell replacement, as

limited cell survival and differentiation have been observed in
the brain (Mahmood et al., 2001b, 2004; Li and Chopp, 2009).
Here we show that NS/NPCs derived from the adult brain
can survive for an extended period and become region-
specific functional cells following transplantation into the
injured adult brain.

One of the major issues confounding transplantation is the
survival of transplanted cells. The fate of transplanted cells is
affected by the nature of the cells and the local host environ-
ment. Following TBI, the injured tissue undergoes a transient
disruption of the blood-brain barrier accompanied by an in-
flux of polymorphonuclear leukocytes at 24 h post-injury, fol-
lowed by the subsequent entry of macrophages by 24-48h
(Lenzlinger et al., 2001; Soares et al., 1995). This early response
is associated with the release of inflammatory cytokines such
as tumor necrosis factor-o. (TNF-«), interleukin-6 (IL-6), and
transforming growth factor-f (TGF-f). Additionally, a number
of trophic factors are elevated during the early stages post-TBI.
For example, nerve growth factor (NGF) is increased at 3 days
after TBI (Boockvar et al., 2005), and we previously found in-
creased basic fibroblast growth factor (bFGF) and endothelial
growth factor (EGF) expression levels at 2 days post-injury
(unpublished data). After the regression of this acute phase of
inflammation in the injured brain, astrocyte proliferation peaks
at approximately 3 days post-TBI, followed by new micro-
vasculature and glia limitans formation in the later stages post-
injury (Hill-Felberg et al., 1999). Therefore, the injury response
has an early and a late phase, each of which is characterized by
its own distinct microenvironment. However, what is unclear
is which of these environments is more conducive for cell
transplant survival. Within a different post-injury environment,
published studies using cell sources ranging from embryonic



968

SUN ET AL.

FIG. 4. Traumatic brain injury (TBI)- and transplantation-induced focal inflammatory and glial reaction at 4 weeks fol-
lowing cell implantation. (A-D) Inflammatory cell reaction as labeled by ED1 staining (B, red) at the cortical injury site
(arrowhead), and along the white-matter tract, as well as the cell injection needle tract (arrow). Vimentin-stained glial reaction
at the injured cortex, white-matter tract, and the needle tract (D, red). Note 5-bromo-2-deoxyuridine (BrdU)-labeled trans-
planted cells (A and C, green, arrows) at the site of the peri-cortical-white matter inferface (scale bar=300 ym). (E-G)
Confocal images of BrdU-labeled transplants (green) co-labeled with ED1 (red). G represents the merged BrdU and ED1

staining (scale bar=40 ym).

murine (Boockvar et al., 2005; Hoane et al.,, 2004; Philips
et al., 2001; Riess et al., 2002; Wallenquist et al., 2009), or fetal
stem cell lines (Hagan et al., 2003; Shear et al., 2004; Tate
et al., 2002, 2009; Wennersten et al., 2004), to bone mar-
row cells (Mahmood et al., 2001a, 2001b, 2003; 2006; Qu et al.,
2009), have reported varying degrees of cell survival after
transplantation into the injured brain, both at early and later
post-injury time points. Many studies have indicated that
post-injury timing and location of implantation are impor-
tant factors determining the fate of transplanted NS/NPCs. In
our preliminary studies, we tested implanting NS/NPCs
into different locations, including the peri-lesion area between
the cortical-white matter interface, injured cortex, and CA3
regions, and found that the peri-lesion white matter-cortical
interface was most suitable for cell survival. We also tested
different post-injury time points for transplantation, and found
that grafting at 2 days post-injury had better cell survival
compared to transplantation at 7 or 14 days post-injury (data

not included). The results are similar to some from previ-
ously reported studies using other cell sources (Boockvar
et al., 2005; Riess et al., 2002). Using the stereological cell
quantification method, we determined the remaining num-
ber of transplanted cells at 2 and 4 weeks following trans-
plantation, and found around 46% of total injected cells and
36% in the injured brain, respectively, and 48% and 39% in
the sham brain, respectively. Statistical analysis revealed
that the cell survival rate at 4 weeks was not significantly
reduced compared to that seen at 2 weeks, in both the sham
and injured groups. Previously published studies have re-
ported varying degrees of survival rates of cells derived
from adult rat brains, ranging from 60% in the intact or do-
pamine-denervated striatum at 5 weeks following trans-
plantation (Dziewczaploski et al., 2003), to 35-41% when
transplanted into the intact dentate gyrus at 8-12 weeks
(Gage et al., 1995). Our data are comparable to the results of
these studies.
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FIG. 5. Electrophysiological properties of transplanted multipotent neural stem/progenitor cells (NS/NPCs) at 4 weeks
following transplantation. (A) The membrane potential response (top) to current injection (bottom). (B) The amplitude of the
membrane potential responses is plotted against the current injected. The input resistance was low and the current-voltage
relationship was linear, consistent with mature glial cell but not neuronal electrophysiological properties.

Adult-brain-derived NS/NPCs as a cell source for trans-
plantation have been tested in the normal brain and in a
Parkinson’s model, as well as in a stroke model (Dziewcza-
polski et al., 2003; Gage et al.,, 1995; Herrera et al., 1999;
Richardson et al., 2005a, 2005b). Cultured adult rat NS/NPCs,
when transplanted into neurogenic regions such as the SVZ
or dentate gyrus of the hippocampus, can differentiate into

region-specific neurons (Gage et al,, 1995; Suhonen et al,,
1996), but when transplanted into non-neurogenic sites, these
cells differentiate primarily into glia or remain undifferenti-
ated (Dziewczapolski et al., 2003; Gage et al., 1995; Herrera
et al., 1999; Richardson et al.,, 2005a). These data support
the notion that the in vivo fate of transplanted cells is regu-
lated by the intrinsic properties of grafted cells and the local
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FIG. 6. Cognitive function. The graph compares the Morris water maze (MWM) performance of sham and injured animals
receiving injection of vehicle or adult rat multipotent neural stem/progenitor cells (NS/NPCs). Compared to sham animals,
injured animals did not show any significant difference in cognitive deficits as assessed by goal latency through days 20-24
following injury. The animals that received cells did not show any difference compared to the vehicle-treated groups (TBI,

traumatic brain injury; veh., vehicle).
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environmental cues in the host. In the current study, we uti-
lized NS/NPCs derived from the SVZ region of adult rats,
and used cells at low passages, ensuring minimal fate com-
mitment at the time of transplantation. Immunostaining of
parallel cultured cells showed that the majority of cells used
for in vivo study were nestin- and GFAP-positive neural stem
cells, which indicated that the cells transplanted were able to
differentiate into both neurons and glia. In the current study,
we grafted cells into the peri-lesion white matter-cortical in-
terface and observed that transplanted cells migrated away
from the injection site, mostly along white-matter tracts of the
corpus callosum. The majority of the cells expressed astrocyte
marker GFAP, with a smaller proportion expressing oligo-
dendrocyte marker Olig2, and very few cells located in the
cortical region expressing neuronal marker NeuN. When the
electrophysiological properties of the transplanted cells were
examined with single-cell patch-clamp recordings, the cells
displayed glial properties, suggesting that the transplanted
cells that migrated out of the injection site were becoming
mature functional glial cells in the white-matter tract.

In transplantation studies, graft rejection is one of the major
concerns for long-term cell survival. To reduce graft rejection,
immunosuppressants are routinely used, especially when
donor and recipient cells are coming from different species. In
the current study, due to the inbred nature of Fisher 344 rats,
immunosuppressants were not used. However, at 4 weeks
following transplantation, extensive inflammatory responses
and glial reactions induced by TBI and transplantation were
observed at the injury site, as well as along the needle tract as
demonstrated by ED1 and vimentin staining. Among the re-
maining transplanted cells at 4 weeks after implantation,
approximately 21% of BrdU-labeled cells were co-labeled
with macrophage/activated microglial marker ED1. Mor-
phologically, it is difficult to determine whether BrdU/ED1
double-labeled cells were indeed differentiated transplanted
cells, or were ED1-positive cells that engulfed BrdU-labeled
transplants. In any case, the presence of BrdU/ED1 double-
labeling indicated a graft-evoked host inflammatory response
at the site of cell transplantation produced by the injection
procedure and TBI, as demonstrated by strong ED1-positivity
along the injection needle tract and trauma lesion center. This
suggests that although autologous transplants enjoy a longer
survival in the injured brain without using immunosuppres-
sants, anti-inflammation modulation may still be needed for
better long-term graft survival.

Previous studies have shown that transplantation of NS/
NPCs derived from fetal or bone marrow can improve func-
tional recovery following experimental brain injury (Gao
et al., 2006; Mahmood et al., 2001b; Riess et al., 2002; Sinson
et al., 1996). In the current study, we examined cognitive
function in experimental subjects. However, we did not find
any changes in cell-treated animals compared to controls. In
the current study, we used Fisher 344 rats as both donors and
recipients to avoid the use of immunosuppressants. As we
have shown previously, Fisher 344 rats are extremely sus-
ceptible to fluid percussive injury, and exhibit a higher mor-
tality rate compared to Sprague-Dawley rats, and this strain of
rats also shows fewer cognitive deficits compared to Sprague-
Dawley rats (Reid et al., 2010). Similarly, in the current study
no significant cognitive deficits were observed in the injured
animals compared to sham animals; however, this does not
completely rule out a possible beneficial effect of transplanted
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adult NS/NPCs on functional recovery of injured animals.
Future studies will explore other more sensitive functional
assessment paradigms.

The results of the current study demonstrated that NS/
NPCs derived from the adult brain were capable of surviving
for an extended period in an acutely-injured environment.
After being transplanted into the peri-injury white matter-
cortical interface, cells preferentially migrated along the
white-matter tract and became region-specific astrocytes or
oligodendrocytes, as shown by marker expression as well as
electrophysiologically. This suggests that adult-derived NS/
NPCs can become region-specific functional cells in an injured
environment.
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