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C6-R is a cell line derived from C6 glioma cells that
exhibits key properties of radial glia including the
ability to support neuronal migration in culture. To
explore its potential use in promoting neuronal migra-
tion in vivo, we analyzed the behavior of C6-R cells in
he intact and injured adult rat CNS. At 6–11 days
ostimplantation at the splenium of the corpus callo-
um, green fluorescent protein-labeled C6-R cells were
bserved primarily in either the corpus callosum or
he hippocampus in the brain, and in the spinal cord
hey migrated more extensively in the white matter
han in the grey matter. To determine whether C6-R
ells retain their ability to promote neuronal migra-
ion in vivo, they were coinjected with labeled neurons
nto adult brain. When rat embryonic neurons were
oimplanted with C6-R cells, the neurons and C6-R
ells comigrated through a much larger volume than
eurons alone or neurons coimplanted with fibro-
lasts. In brains preinjured with ibotenic acid, C6-R
ells as well as coimplanted neurons distributed
idely within the lesion site and migrated into adja-

ent brain tissue, while transplants with neurons
lone were restricted primarily to the lesion site. The
esults suggest that radial glial cell lines can serve as
scaffold for neuronal migration that may facilitate

evelopment of experimental models for neural trans-
lantation and regeneration. © 2001 Academic Press

INTRODUCTION

Transplantation has been used to restore function to
cells and tissues that have a limited capacity for regen-
eration. This therapeutic modality has successfully
rescued people from life threatening diseases, such as
end-stage cardiac, liver, lung, or kidney disease, but its
use in the nervous system is still at a relatively early
stage. One major application in the brain has been in
Parkinson’s disease where transplants of autologous
3100014-4886/01 $35.00
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adrenal medullary tissue and fetal dopaminergic allo-
grafts and xenografts have survived in the human
brain (5, 9, 21, 22, 32). Transplantation therapies are
actively being investigated for other nervous system
conditions including ischemic cerebrovascular disease,
degenerative dementias, cerebellar degeneration, and
traumatic injuries of the head and spine.

Strategies for experimental transplantation in the
central nervous system have attempted to compensate
for the defect using embryonic neurons (30, 43, 44, 46),
grafts of neural tissue (6, 45), and immortalized neural
precursors (3, 28). Progress has been also made in
transplanting various types of genetically modified im-
mortalized cells to introduce neurotrophic factors, neu-
rotransmitters, and metabolic enzymes in vivo, in at-
tempts to correct deficiencies or make the environment
more favorable for regeneration (28). The potential dif-
ferentiation of stem cells in the adult brain (2–4, 11,
12, 40) and spinal cord (3) raises exciting new possibil-
ities. It is becoming increasingly clear that nonneuro-
nal cells can contribute to creating a more favorable
environment in vivo for neuronal regeneration.
Schwann cells, and, more recently, olfactory ensheath-
ing glial cells, have been used to facilitate regeneration
of axons (24, 25, 34, 35).

Interactions among neuronal and glial cells are crit-
ical factors for neural development and play additional
roles in graft survival and integration in the brain. In
the developing central nervous system (CNS), radial
glia cells act as a scaffold and substrate for the migra-
tion of neurons (15, 33). In most neural regions radial
glia cells are found only transiently, although they may
give rise to other cells including mature astrocytes and
Bergmann glia. While there is some evidence that this
glial maturation process may be somewhat reversible,
the adult CNS does not appear to contain the appro-
priate factors necessary for maintenance of radial glia.
Radial glia are a major factor in promoting neural cell
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311RADIAL GLIA PROMOTE NEURONAL MIGRATION IN VIVO
migration during development, and their absence in
the mature nervous system contributes to making it a
relatively unfavorable environment for neuronal mi-
gration. Moreover, mature astrocytes do not provide a
good environment to promote migration of neurons and
their processes (41).

Given that mature glia have limited abilities to pro-
mote neuronal migration in the adult CNS, it is inter-
esting to consider the use of glial cell lines to promote
neuronal migration in vivo. Recently, we characterized
a radial-like glial cell line, called C6-R, with pheno-
typic properties of radial glia that are maintained for
extended periods of time in vivo (10). C6-R was derived
by transfection of C6 glioma cells, with a construct
encoding a mutant form of the human receptor protein
tyrosine phosphatase b (RPTPb). The radial morphol-
ogy of C6-R cells does not seem to be due directly to
expression of the mutant receptor, rather it is likely to
result from expression of genes in the cells driven by
the CMV promoter that was stably introduced in the
transfection plasmid (17). C6-R cells express cytoskel-
etal proteins found in radial glia including RC1 and
promote both neuronal migration and process exten-
sion in culture (10). To visualize the cells in vivo, C6-R
ells were transfected to express green fluorescent pro-
ein (GFP). These cells were found to adopt a radial
orphology, often extending from the ventricle to the

ial surface, when implanted in embryonic rat fore-
rain (10).
In the present study, we found that C6-R cells can
igrate in the adult rat brain and spinal cord and

xhibit a preference for white matter. These radial
lial cells promoted neuronal migration for homografts
nd xenografts of embryonic neurons in the brain. Fur-
hermore, C6-R cells facilitated migration of embryonic
eurons when coimplanted in the injured brain. These
bservations suggest that radial glial cell lines may
acilitate neural transplantation and should be ex-
lored for their potential application in promoting
erve regeneration.

MATERIAL AND METHODS

Cell Lines

The rat glioma cell line C6 was obtained from the
American Type Culture Collection (Rockeville, MD).
The C6-R cell line was generated by transfection of C6
glioma cells with a construct encoding a mutant of the
human RPTPb, inserted into the pCDNA3 vector (In-
vitrogen, San Diego, CA) as previously described (10).
It lacks the phosphatase domains and contains an HA
tag in place of the two cytoplasmic domains. Cell lines
were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal calf serum
(FCS), 2 mM L-glutamine, and 50 mg/ml gentamycin
GIBCO BRL, Grand Island, NY). C6 and C6-R cells
ere intrinsically labeled with the GFP by cotransfec-

ion with the plasmid pEGFP-N1 (Clontech, Palo Alto,
A) which codes for GFP, and plasmids conferring
esistance to hygromycin or neomycin were used for
election (10).
To prepare for implantation, cells were grown to
75% confluence. They were detached by a 3-min in-

ubation in 0.25% trypsin/1 mM EDTA, and DMEM/
CS was added to quench trypsinization. Cells were
issociated by vigorous pipetting, washed twice with
am’s F12, and counted using a hemocytometer.

mbryonic Neurons

Neurons were obtained from the ventricular zone of
ateral ganglionic eminence (LGE) of E16.5 embryos
emoved from pregnant Sprague–Dawley (SD rats) or
D1 mice (E14.5) via caesarian section. The tissue was
issociated by trituration in calcium–magnesium-free
hosphate-buffered saline containing 1 mM EDTA
CMF–PBS, 1 mM EDTA) with 0.1% DNase (Worth-
ngton). The resulting single cell suspension was la-
eled with the fluorescent membrane-bound lipophilic
ye PKH-26-GL (Sigma, St. Louis, MO) following the
anufacturer’s instructions. In brief, neurons were
ashed with Ham’s F12, resuspended in 250 ml of
iluent C, mixed with diluent C containing 5 ml of PKH
ye, and incubated with gentle rocking for 5 min at
7°C. Staining was stopped by adding 500 ml of
MEM/10% FCS. Cells were washed twice with Ham’s
12, once with 3.5% BSA/Hanks, and twice with Ham’s
12. They were resuspended at 107 cells/ml in DMEM/

F12 supplemented with 2% B27, 1% glutamine, and 1%
penicillin (GIBCO Life Technologies). The neuron cell
suspension was diluted 1:1 with Ham’s F12 or other
cell suspensions.

Primary Fibroblasts

Rat or mouse embryos were placed in Hank’s bal-
anced salt solution (BSS), where they were decapitated
and eviscerated under a dissecting microscope. The
embryos were then washed three times in Hank’s BSS
with agitation in order to minimize the presence of
blood and proteins. The embryos were transferred to a
flask containing 0.25% trypsin/1 mM EDTA and they
were agitated at 150 rpm for 8 min at 37°C. DMEM/
10% FCS was added to the flask and the trypsinized
tissue was allowed to settle. The supernatant was col-
lected into a tube and DNase was added to a final
concentration of 100 mg/ml. After centrifugation, the
pellet was triturated to obtain a suspension of dissoci-
ated cells that was washed twice by centrifugation and
once through a 3.5% BSA step gradient. The resulting
single cell suspension was labeled with the fluorescent
membrane-bound lipophilic DiO (Molecular Probes,
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312 HORMIGO ET AL.
Eugene, OR) using the method described for staining
neurons, except that the PKH26-GL dye was substi-
tuted by 15 ml of a 3 mg/ml solution of DiO in 90%
thanol/10% DMSO.

mplantation of Cells in Rat Brain

Adult female Sprague–Dawley rats (250–300 g)
Taconic Farms, Germantown, NY) were anesthetized
ip) with ketamine and xylazine at doses of 80 and 10
g/kg, respectively, and immobilized in a stereotaxic
ead holder. Using sterile technique, a midline incision
xposed the saggital suture and lambda, and a burr
ole was made 3 mm to the right and 3 mm anterior to
he lambda. A Hamilton syringe (Hamilton, Reno, NE)
as inserted through the hole to a depth of 3 mm below

he dural surface, and 10 ml of Ham’s-F12 medium
ere injected slowly containing a combination of 3 3
05 C6-R cells and 5 3 104 neural progenitors or 3 3
05 fibroblasts and 5 3 104 neural progenitors or 5 3
04 neural progenitors alone. After withdrawing the

syringe, the craniotomy defect was filled with bone wax
and the incision closed with silk suture (Ethicon). In
other adult rats, a lesion was produced by ibotenic acid
injection (39). Fifteen micrograms was divided into
three fractions that were delivered at 2, 3, and 4 mm
from the dural surface, at the defined coordinates, 1
week prior to the implantation of neurons alone or in
combination with C6-R cells.

Animals were sacrificed 11 days postimplantation.
They received an ip overdose of pentobarbital (120
mg/kg), followed by transcardial perfusion through the
left ventricle with 4% paraformaldehyde in PBS after
vascular washout with PBS. The brain was removed
and postfixed O/N in 4% paraformaldehyde/PBS. They
were placed in PBS equilibrated with 15% sucrose
overnight, embedded in Optimal Cutting Temperature
Compound (Miles, Elkhart, IN), and frozen, and 40-mm
ryostat sections were analyzed for PKH-26 and GFP
uorescence. Alternatively, tissue was embedded in 3%
gar in PBS and 100-mm Vibratome sections were ob-
ained.

The cross-sectional area of the dispersion of C6-R
ells and neurons was measured in every fifth cryostat
ection as digitized images obtained using NIH Image
oftware and Scion Image, coupled to a Cohu CCD
ideo camera. The volume covered by the dispersed
ells was obtained by multiplying the mean of cross-
ectional areas by the sum of all 40-mm sections. In the
rst experiment, only the linear extent of the medial–

ateral and dorsal–ventral dispersions was measured
n all sections and the mean was calculated.

mplantation of Cells in the Spinal Cord

For lesion implantation studies, six female Sprague–
awley rats were anesthetized with an intraperitoneal
FIG. 1. C6-R cells 5 days after implantation in adult brain. (A)
GFP-labeled C6-R cells distributed along the corpus callosum (CC).
The insert shows the corresponding anatomical structures with the
target for implantation (*). (B) A higher power view from panel A
shows that many C6-R cells are highly polarized and align along the
corpus callosum (Bars 5 50 mm). (C) Codistribution of C6-R cells into
the corpus callosum and the hippocampus (H) probably in the CA1
region. The presence of cells in the hippocampus is likely the result
of a deeper penetration of the injection needle in certain cases com-
bined with selective migration of the C6-R cells as seen consistently
in the corpus callosum.
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313RADIAL GLIA PROMOTE NEURONAL MIGRATION IN VIVO
injection of acepromazine maleate (0.7 mg/kg; Fer-
menta Animal Health Co., Kansas City, MO), ket-
amine (95 mg/kg, Fort Dodge Animal Health, Fort
Dodge, IA), and xylazine (10 mg/kg, Bayer Co., Shaw-
nee Mission, KS) and underwent laminectomy at the
C3–4 level to expose one spinal cord segment. A mi-
croscalpel was used to open the dura and pia matter
and to make a shallow incision in the right dorsal
spinal cord. A fine-tipped glass-pulled microaspiration
device was then used to extend the lesion laterally and
ventrally. This lesion completely disrupted the lateral
funiculus and partially lesioned the ipsilateral ventral
funiculus and gray matter but left the dorsal columns
intact. The rostrocaudal extent of the lesion cavity was
2–3 mm. A piece of Gelfoam soaked with C6-R cells in
growth medium was implanted into the cavity, and
then another 10 ml of cells suspended in growth me-
dium was slowly injected onto the Gelfoam with a 10-ml

amilton syringe. The dura was closed with three in-
errupted 10-O silk sutures, and the muscle and skin
ere closed in layers. After the surgery, animals were
ept on heating pads, closely observed until awake,
nd then returned to their home cages. Cyclosporin A
Sandoz Pharmaceuticals, East Hanover, NJ) was ad-

inistered subcutaneously at a dose of 1 mg/100 g body
eight starting 2 days before the transplantation pro-

edures and was continued for 4 days after the opera-
ion. For immunocytochemistry, sections were washed
hree times with PBS for 5 min, incubated for 5 min in
.2% Triton/PBS, and rinsed again three times in PBS
or 5 min. Nonspecific binding was prevented by incu-
ating the sections in 10% normal goat serum (NGS) in
BS for 1 h at room temperature. The sections were

hen incubated at room temperature overnight with
ouse monoclonal antibody RT97, which recognizes

he 200-kDa neurofilament subunit in its phosphory-
ated form (Boehringer Mannheim, Germany, at 1:100
ilution in 2% NGS/PBS) or with a mouse monoclonal
ntibody TuJ-1, which recognizes beta III-tubulin
BabCO, Richmond, CA, at 1:100 dilution in 2% NGS/
BS). The slides were rinsed three times for 5 min with
BS and incubated with rhodamine-conjugated goat
nti-mouse IgG (Jackson Immunoresearch Laborato-
ies, West Grove, PA) at 1:200 in 2% NGS/PBS for 2 h.
ections were then rinsed three times for 5 min in PBS,
overslipped using Vectashield, and examined under
uorescent illumination.

shown on the left. In the low magnification micrographs, the broken
lines represent the interface between host (H) and transplant (T).
C6-R cells are visualized by green fluorescence in both panels. In
panel B, TuJ-1-positive axons are red. In panel C, RT-97-positive
axons are red. Note the growth of axons into the transplants with
C6-R. All panels are sagittal sections at 12 days postimplantation;
top is rostral and bottom is caudal (all bars 5 0.1 mm).
FIG. 2. Implantation of C6-R cells into a spinal cord cavity.
Immediately following a partial hemisection of the spinal cord, C6-R
cells were transplanted along with gelfoam into the cavity. C6-R cells
express GFP and appear white in panel A. The straight line repre-
sents the interface between the grey matter and the white matter
and the broken line in the upper right corner represents the interface
between the transplant and the host white matter. Note the prefer-
ence of the C6-R cells for the white matter. Panels B and C each
contain low-power fluorescent micrographs on the right and the
boxes represent the location of higher magnification micrographs
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Animals were euthanized with an intraperitoneal
injection of sodium pentobarbital (100 mg/kg; Abbott
Laboratories, North Chicago, IL) and perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH
7.4, and spinal cords were dissected, immersed in 0.1 M
PB at 4°C overnight, and cryoprotected in 30% sucrose
(in 0.1 M PB containing 0.5 mM thimerosal) for 3–5
days. Spinal cord specimens were embedded in OCT
compound (Fisher Scientific, Pittsburgh, PA) and kept
at 220°C before being cut into 20-mm sections on a
cryostat and mounted onto microscope plus/slides
(Fisher Scientific, Pittsburgh, PA).

FIG. 3. Migration of C6-R in adult rat spinal cord. One week
extensively along the rostrocaudal axis in the white matter (A) but fa
fluorescence and bright-field images to show grey (G) and white (W)
was confirmed by immunofluorescence using monoclonal antibodies a
green. A higher power fluorescence view of C6-R cells in grey mat
represents the border between grey and white matter (MBP stain is
border). Note increased longitudinal orientation of the C6-R cells in t
in C, and 100 mm in D.
For transplantation into uninjured spinal cord, fe-
male Long–Evans hooded rats (190–210 g) were anes-
thetized with intraperitoneal injection of pentobarbital
(45 mg/kg) and a laminectomy was performed to expose
thoracic segments T9–10. A sterile glass needle was
connected to a sterile 2.5-ml Hamilton syringe and 1 ml
f a suspension containing 5 3 105 C6-R cells was

injected slowly during the course of 10 min into one site
or into each of two sites separated by 4–6 mm along
the rostral and caudal axis. The surgical wound was
closed in layers. After 7 days of survival, experimental
and control animals were sacrificed and spinal cords

owing implantation, C6-R cells (yellow) were observed to migrate
symmetrically in the grey matter (B); panels A and B are combined

tter regions. The identification of the white and grey matter regions
inst myelin basic protein shown in red in panel C with C6-R cells in
bordering white matter is shown in panel D, and the dotted line
t shown here to allow better visualization of C6-R cells at the G/W

white matter vs the grey matter. Bars 5 500 mm in A and B, 200 mm
foll
irly
ma
ga

ter
no

he
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315RADIAL GLIA PROMOTE NEURONAL MIGRATION IN VIVO
were sectioned as described. For immunocytochemistry
staining of spinal cord tissue, sections were washed
three times with 50 mM Tris-buffered solution, pH 7.6,
containing 1.5% sodium chloride (1.5 T) and incubated
in cold methanol for 30 min. They were then rinsed
three times for 5 min with 1.5 T. Nonspecific binding
was prevented by incubating the sections in 10% NGS
in 1.5 T for 2 h at room temperature. The sections were
incubated at 4°C overnight with a mouse monoclonal
antibody against myelin basic protein (Sternberger
Monoclonals Incorporated, Lutherville, MD) at 1:1000
dilution in 1% NGS in 1.5 T. The slides were rinsed
three times for 10 min with 1.5 T and incubated with
Alexa Fluor 568-conjugated goat anti-mouse IgG (Mo-
lecular Probes, Eugene, OR) at 1:400 dilution in 1%
NGS in 1.5 T for 45 min at room temperature. Sections
were then rinsed three times for 10 min with 1.5 T,
mounted in Fluoromount-G (Southern Biotechnology
Associates, Birmingham, AL), and examined under
bright-field and fluorescent illumination.

RESULTS

Migration Pattern of C6-R Cells in the Brain

To investigate the behavior of C6-R cells in the adult
brain, GFP-labeled cells were implanted using a ste-
reotaxic frame into the rat brain above the splenium of
the corpus callosum. At 5 days postimplantation, most
of the C6-R cells were found to be aligned along the
corpus callosum (Fig. 1A). In contrast, transplants of
the parental cell line C6 tended to form aggregates
near the site of implantation (17). Observation of C6-R
cells at higher magnification showed that many of
these cells had a highly polarized morphology and were
aligned preferentially along the corpus callosum
within the coronal plane of sectioning (Fig. 1B), while
C6 cells had polygonal shapes as they did in culture. In
some brains implanted with C6-R, cells were observed
in the hippocampus (see below, Fig. 7) and occasionally
they were found in both areas in the same brain (Fig.
1C).

Migration Pattern of C6-R Cells in the Spinal Cord

Given the migration and alignment of C6-R cells
along the corpus callosum, it was of interest to deter-
mine whether these cells showed a similar preference
for other white matter tracts, for example, in the spinal
cord. In a first set of experiments, C6-R cells with
Gelfoam were introduced into lesions that completely
disrupted the lateral funiculus and partially lesioned
the ipsilateral ventral funiculus and gray matter but
left the dorsal columns intact. After 6 or 12 days, C6-R
cells were found to have migrated into the host tissue.
In all animals the patterns of migration of the C6-R
cells were similar and consisted of preferential longi-
tudinal migration along the white matter (Fig. 2A).
There was little or no infiltration in grey matter. We
observed staining for TuJ1 and RT-97 antibodies on
long fibers traversing the transplants suggesting ax-
onal outgrowth from the host into the transplant (Figs.
2B and 2C). This axonal growth into the C6-R trans-
plant is remarkable as it was not observed in previous
experiments using fibroblast transplants as controls
(27).

To determine whether C6-R cells exhibited a similar
pattern of integration and migration in uninjured tis-
sue, we microinjected 1 ml of C6-R cells into uninjured
at spinal cords. Observations 1 week later revealed
ramatic migration along the rostrocaudal axis of the
pinal cord in white matter. C6-R cells were widely
istributed along the rostrocaudal axis of white matter
xtending for as long as 2 mm, but their lateral distri-
utions were limited primarily within the white matter
egions (Figs. 3A and 3C). In contrast, it appeared that
ransplants into the grey matter (Figs. 3B and 3D)
istributed much more uniformly, showing little pref-
rence along the rostrocaudal axis and extending much
ess than in white matter. Quantitation of the ratio of
he maximal linear extents of the C6-R cells along the
ostrocaudal axis (R) and in the horizontal plane (H)
ndicated that grey matter distributions were nearly
ymmetrical (with the ratio of R/H 5 1.2) while white
atter profiles were highly polarized (R/H 5 4). This

onfirms a strong preference of C6-R for migration in
hite matter. Examination at high magnification re-
ealed that the processes of the C6-R cells were aligned
referentially along the rostrocaudal axis of the spinal
ord in white matter regions but were much more
andomly distributed in grey matter regions.

oimplantation of C6-R Cells and Neurons

Given that C6-R cells distributed extensively in a
estricted pattern in particular along white matter
racts, we tested whether C6-R cells were able to sup-
ort grafting of neurons into the adult rat brain. In the
rst experiment, GFP-labeled C6-R cells and PKH-26-

abeled embryonic rat neurons were implanted using
he same stereotaxic coordinates (31) in Sprague–Daw-
ey rats. Neurons only were implanted contralaterally
n the same rats, using complementary coordinates.
leven days after implantation, the pattern of neuro-
al migration on the right side, which received C6-R
ells together with neurons, was compared with that on
he left side, which received exclusively neurons. Both
FP-labeled C6-R cells and PKH-26-labeled neurons
ere distributed along the corpus callosum (Fig. 4B vs
ig. 4C). A more extensive migration of neurons was
een for those neurons that were coinjected with C6-R
ells (Fig. 4B), while the neurons injected alone (Fig.
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4C) had a more limited dispersion. The average migra-
tion distance of the neurons coinjected with C6-R was
388 mm and only 216 mm for neurons implanted alone
n 5 2). When we considered the maximal dispersion
n the orthogonal direction, the neurons coimplanted
ith C6-R dispersed through a distance of 68.4 mm
hile the neurons implanted alone dispersed through a
istance of 26.4 mm only (n 5 2). Comparison between
he two sides implanted showed greater dispersion of
eurons on the side coinjected with C6-R cells, suggest-

FIG. 4. Coimplantation of C6-R cells with neurons. PKH-26
stereotaxically either alone (C) or with GFP-labeled C6-R cells (B).
A is a corresponding phase image. All fluorescence pictures represen

FIG. 5. Migration of PKH-26-labeled rat LGE neurons. Mean
volume of neurons at 11 days, following coimplantation of C6-R cells,
was 24.71 6 4.00 mm3 and for implantation of neurons alone was
1.65 6 0.40 mm3. Volumes were calculated from measurements of a
series of cross-sectional areas covering the entire implantation site.
ng that C6-R cells may serve as a scaffold and/or
ubstrate for neuronal migration.
In a second type of experiment, we injected different

nimals with either neurons alone or neurons and
6-R cells. This is in contrast to the first experiment,
here animals received injections on both sides of the
rain. Qualitatively, similar results were obtained in
he second experimental design with C6-R again pro-
oting migration of neurons. For a more accurate

uantification of cell migration, volumetric analysis
as used, instead of two-dimensional measurements.
leven days after implantation, the average volume of
eurons coimplanted with C6-R cells was 24.71 6 4.00
m3 (n 5 2), about 14 times the average volume of

neurons alone, which was 1.65 6 0.40 mm3 (n 5 3; Fig.
). A similar effect on neuronal dispersion was ob-
erved (volume 5 24.28 mm3) when 1/6 the number of

C6-R cells (i.e., 5 3 104) was used. Neurons implanted
alone appear as a narrow well-demarcated band (Figs.
6A and 7B), while neurons coimplanted with C6-R cells
comigrated with them, suggesting that C6-R cells can
promote neuronal dispersion and migration in both the
corpus callosum and the hippocampus (Figs. 6C, 6E,
and 7D).

A similar pattern of migration was obtained when
embryonic mouse neurons were implanted alone in the
adult rat brain. The average volume of neurons im-

E neurons, dissociated into single cell suspension, were injected
R cells (A) migrated along the corpus callosum. The insert in panel
he same magnification. Bar 5 100 mm.
LG
C6-

t t
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planted alone was 4.28 6 0.46 mm3 (n 5 3) and for
eurons coimplanted with C6-R cells it was 13.6 mm3

(n 5 1). In a control group in which neurons were
coimplanted with fibroblasts (n 5 2), the average vol-
ume dispersion of neurons was 6.87 6 0.14 mm3, sig-
nificantly lower than the value obtained for neurons
coimplanted with C6-R cells, but only marginally
greater than that obtained with neurons alone. The
pattern of migration of neurons coimplanted with fi-
broblasts was very similar to the pattern of migration
of neurons implanted alone, without the ventral–dor-
sal expansion observed when neurons were coim-
planted with C6-R cells (Fig. 6).

Coimplantation of C6-R Cells and Neurons
in Ibotenic Acid-Lesioned Brain

The usefulness of potential transplantation protocols
may be significantly limited if they are ineffective in
neural sites where lesions have occurred. Therefore, we

FIG. 6. Migration of PKH-26 rat LGE neurons along the corpu
pattern of the labeled neurons was limited to a thin band. (A9) Phas
are corresponding views of sections from brain showing GFP-labeled
(B and D), and PKH-26 labeled neurons are shown in red (C and E).
the ventral–dorsal direction) when they were coimplanted with C6-
neurons alone were implanted (A). When neurons (G) were coimplant
of neurons alone (panel A). All pictures represent the same magnifi
were interested in testing the behavior of C6-R cells in
sites that had previously been injured. For this pur-
pose we chose ibotenic acid, an excitatory toxin that
produces neuronal degeneration while sparing axons
(20) that is commonly used experimentally to produce a
local lesion in the brain. We implanted C6-R cells 1
week after ibotenic acid injections into the lesion site
and compared the results with C6-R in nonlesioned
brain. GFP-labeled C6-R cells migrated extensively
through the lesion in the cortex, corpus callosum, and
hippocampus, in contrast to the much more restricted
distribution of C6-R cells observed in the intact brain
(Figs. 8A vs Fig. 8B). This suggests that C6-R cells are
able to integrate into a degenerative lesion even more
extensively than in intact brain.

To determine whether neurons could also migrate
along C6-R cells in lesions, we coimplanted LGE neu-
rons along with C6-R cells. When animals received
single implantations of PKH-26-labeled E14.5 rat em-

allosum. (A) Eleven days after implantation of neurons alone, the
age corresponding to panel A. Panels B and C and panels D and E

-R cells following coimplantation with neurons. C6-R cells are green
ice the dramatic increase in the width of the neuronal migration (in
ells in comparison with the more restricted pattern observed when
ith fibroblasts (F) the pattern of neuronal migration resembled that

on. Bars 5 100 mm.
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bryonic neurons into ibotenic acid lesions, the neurons
remained primarily in the lesion cavity (Fig. 8C). How-
ever, when neurons were coimplanted with C6-R cells,
they followed the pattern of migration of GFP-labeled
C6-R cells (Fig. 8D), in both the corpus callosum and
the hippocampus, and extended into the surrounding
parenchyma (Fig. 8E).

DISCUSSION

We studied the behavior of GFP-labeled C6-R cells in
the CNS in vivo and their ability to promote migration
and integration of embryonic neurons in the adult rat
brain. Following implantation in the brain, C6-R cells
assumed a radial morphology and aligned along the
corpus callosum, with occasional dispersion into the
hippocampus. In the spinal cord, C6-R cells exhibited a
strong preference for the white matter where they mi-
grated dramatically along the rostrocaudal axis and
were aligned along this longitudinal axis. In contrast
these cells infiltrated fairly uniformly but less exten-
sively in grey matter regions. C6-R cells were also able
to infiltrate into injured neural tissue where they dis-
persed widely.

FIG. 7. Migration of PKH-26 rat LGE neurons in the hippocam
hippocampus 11 days after implantation with neurons alone (B). No
in the hippocampus of a brain section following coimplantation of G
the profile of neurons alone (B) is much more restricted than when n
the same magnification. Bar 5 100 mm.
The preference of C6-R for white matter parallels the
invasiveness of gliomas as described by Scherer (38)
and the preference of embryonic (13) and neonatal rat
astrocytes (7, 16) for white matter when they are ho-
mografted into adult rat brain. When C6-R cells were
found in grey matter regions in the spinal cord and
occasionally in the brain (e.g., the basal ganglia) they
were disorganized and did not appear to migrate as
robustly as in white matter but they did infiltrate
locally. The behavior of C6-R cells was quite different
in the developing brain, where they exhibited a radial-
like distribution that was in register with the native
radial glia in the forebrain (10). The different types of
alignment of C6-R cells observed in the developing vs
the mature brain suggest that C6-R cells can respond,
at least to a certain degree, to environmental factors in
the embryonic brain that are distinct in the adult.

During development, many neurons migrate along
radial glial cells (15, 33). In the postnatal period (ex-
cept in cerebellum, where it is delayed further), it is
believed that factors responsible for radial glia and
their maintenance are lost, leading to differentiation of
radial glia into astrocytes. Such factors could include
neuregulin/GGF, which plays a critical role in neuronal

s. Phase contrast (A) and fluorescence views of the same field of
he thin band of neurons. Panels C and D show corresponding views
-labeled C6-R cells (C) with PKH-26-labeled neurons (D). Note that
ons (D) were coimplanted with C6-R cells (C). All pictures represent
pu
te t
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eur
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FIG. 8. Implantation of GFP-labeled C6-R cells with or without neurons in ibotenic acid-lesioned brain. In normal adult brain (A), C6-R
exhibited a restricted distribution along the corpus callosum. This is in contrast to the more widespread migration of C6-R cells that was
observed in lesioned brain (B). Panels A and B represent the same magnification. Panels C–E show coimplantation of rat LGE neurons and
C6-R cells in ibotenic acid-lesioned brain. When implanted alone (C), PKH-26-labeled neurons were observed mostly in the lesion cavity (lc).
When C6-R cells were coimplanted with neurons, PKH-26-labeled neurons (E) followed migration of GFP-labeled C6-R cells (D) in the corpus
callosum (cc) and the hippocampus (hipp) that are beyond the margins of the cavity created by the lesion. Panels D and E represent the same
fields and C–E are the same magnification. All bars 5 100 mm.
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migration during development (1, 37). In addition, Ca-
jal–Retzius cells release diffusible factors that can in-
duce transient rejuvenation of Bergmann radial glia in
the adult cerebellum (42). Interestingly, like radial
glia, C6-R cells maintain the ability to promote neuro-
nal migration, and they may also stimulate process
outgrowth in the adult CNS as astrocytes do during
development.

While C6-R is a stable cell line that appears to retain
a radial phenotype in vivo for much longer periods than
do native radial glia, this phenotype is not completely
stable in vivo. For example, 15 days after injection of
GFP-labeled C6-R cells into the embryonic brain, we
observed GFP-positive radial cells as well as limited
numbers of stellate cells resembling more differenti-
ated glia (10). At 3 weeks after implantation of cells in
the adult brain, the majority of brains had only small
numbers of GFP-positive C6-R cells but ;1/3 had small
tumors; in contrast, C6 cells formed large tumors in
every brain (17). Although long-term survival of C6-R
cells in the spinal cord needs to be investigated, we
have observed large number of these cells both 1 (Fig.
3) and 2 weeks following implantation in the spinal
cord in vivo (K.H. and M.G., unpublished observa-
ions). The extensive migration of C6-R cells in adult
hite matter suggest that they can provide a unique
igratory scaffold for an extended period of time and
ay promote regrowth of host neurons as well as inte-

ration of embryonic neurons following cotransplanta-
ion.

Migration of grafted neurons is more restricted than
hat of astrocytes (26) and they exhibit regional speci-
city (30, 44). The success of grafting donor neurons
iminishes with increasing maturity of the host (30)
nd may be improved by cotransplantation with other
ells such as radial glia. Furthermore, pathways of
xonal migration can differ from those of astrocyte
igration as seen with transplants in neonatal rat

rain (47). These observations underscore the dramatic
ispersion of neurons that we observed when they were
oimplanted with C6-R cells both in the intact brain
nd in ibotenic acid-lesioned brain. Moreover, the neu-
ons closely paralleled the dispersion of C6-R cells in
nterior–posterior, ventral–dorsal, and medial–lateral
irections, suggesting they migrate along the C6-R
ells in vivo. The large volumes of neurons observed

upon cotransplantation with C6-R suggest that neuro-
nal survival may also be enhanced by the C6-R cells.

Stem cells that are present in the adult CNS of rodents,
primates, and humans (4, 8, 12, 19) hold great potential
for regeneration. However, these cells and other candi-
dates for grafting may benefit from interactions with glia
that can promote migration, survival, and differentiation
of neurons during development (18). Therefore, it is in-
teresting that when neurospheres prepared from embry-
onic spinal cord stem cells were cocultured with C6-R
cells they appeared to migrate along the processes of
C6-R cells and expressed neuronal markers (J.M.N. and
I.F., unpublished observations). The ability of C6-R cells
to migrate from the graft site and become oriented along
the rostral–caudal axis in white matter in the injured
spinal cord (Fig. 2) raises the possibility that radial glia
may facilitate expansion and differentiation of host neu-
ronal stem cells or grafted stem cells in the mature CNS.

Recent studies have underscored the potential utility
of olfactory ensheathing glia cells in promoting axonal
regeneration and functional recovery following injury
to the CNS (24, 25, 34–36). These cells derived from
the olfactory bulb where regeneration occurs through-
out the lifetime of the organism have remarkable abil-
ity to migrate long distances through mature grey and
white matter as well as through injured tissue (36) and
promote nerve regeneration (24, 25). It is interesting to
note that the olfactory ensheathing glia can migrate
through grey matter while most other glia including
C6-R migrate preferentially in white matter, although
C6-R can also infiltrate somewhat in grey matter. We
showed here that C6-R also migrated extensively into
brain lesions and facilitated the movement of neurons.

The present studies on the behavior of C6-R cells in
the CNS and their ability to promote neuronal migra-
tion in the brain demonstrate that transplanted radial
glia such as C6-R can alter the milieu in vivo to make
it more favorable for neuronal migration and possibly
for regeneration. These radial cells are particularly
interesting because they promote both neuronal migra-
tion and process outgrowth in culture (10) and in vivo.
Further studies are needed to determine whether en-
hanced neuronal migration and axonal growth result
in synapse formation and functional connectivity.
Given that genetically modified fibroblasts producing
growth factors have been found to facilitate neuronal
regrowth following injuries to the spinal cord (14, 29)
and brain (6, 45), it may be advantageous to introduce
such genes into C6-R cells. Such approaches will show
whether cotransplantation of neurons with radial-like
glia cells can improve functional recovery in experi-
mental animal models of degenerative and develop-
mental disorders and injury to the nervous system. If
models for radial glia prove to be useful in promoting
integration of transplanted neurons or regeneration
from host neurons or stem cells, then it will be impor-
tant to identify factors that extend the persistence of
radial glia in vivo. In this regard, it is interesting to
note a recent report that mature astrocytes can trans-
form into transitional radial glia in the brain and sup-
port directed migration of immature neurons (23).
While the factors responsible for maintaining radial
glia remain unclear, the C6-R cells may serve as a good
model to test the utility of radial glia in promoting
nerve growth in the adult CNS.
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