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Finding a reliable source of alternative neural stem cells
for treatment of various diseases and injuries affecting
the central nervous system is a challenge. Numerous
studies have shown that hematopoietic and nonhemato-
poietic progenitors derived from bone marrow (BM) un-
der specific conditions are able to differentiate into cells
of all three germ layers. Recently, it was reported that
cultured, unfractionated (whole) adult BM cells form
nestin-positive spheres that can later initiate neural dif-
ferentiation (Kabos et al., 2002). The identity of the sub-
population of BM cells that contributes to neural differ-
entiation remains unknown. We therefore analyzed the
hematopoietic and neural features of cultured, unfrac-
tionated BM cells derived from a transgenic mouse that
expresses green fluorescent protein (GFP) in all tissues.
We also transplanted the BM cells into the subventricular
zone (SVZ), a region known to support postnatal neuro-
genesis. After injection of BM cells into the neurogenic
SVZ in neonatal rats, we found surviving GFP� BM cells
close to the injection site and in various brain regions,
including corpus callosum and subcortical white matter.
Many of the grafted cells were detected within the rostral
migratory stream (RMS), moving toward the olfactory
bulb (OB), and some cells reached the subependymal
zone of the OB. Our in vitro experiments revealed that
murine GFP� BM cells retained their proliferation and
differentiation potential and predominantly preserved
their hematopoietic identity (CD45, CD90, CD133), al-
though a few expressed neural antigens (nestin, glial
fibrillary acdiic protein, TuJ1). © 2004 Wiley-Liss, Inc.
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The identification of nonfetal cells capable of neu-
ronal differentiation has great potential for numerous cel-
lular therapies. Bone marrow (BM) contains therapeuti-

cally useful stem/progenitor cells and may be considered a
possible alternative source of cells for neural grafting in the
treatment of neurological diseases.

Several investigators have published reports on hema-
topoietic and nonhematopoietic stem cells derived from adult
BM. Under certain, specific conditions, the nonhematopoi-
etic BM cells differentiated into cells expressing neuronal and
glial antigens (Azizi et al., 1998; Sanchez-Ramos et al., 2000;
Woodbury et al., 2000, 2002) and also into myogenic pro-
genitors (Ferrari et al., 1998). Multipotentiality was also no-
ticed in unfractionated BM-derived cells. In transplantation
studies, these cells were shown to express neural markers in
the brain (Eglitis and Mezey, 1997; Mezey et al., 2000, 2003;
Brazelton et al., 2000; Priller et al., 2001, Corti et al., 2002a;
Hess et al., 2002) and spinal cord (Corti et al., 2002b) and also
to differentiate into heart (Orlic et al., 2001) and liver (Pe-
tersen et al., 1999) cells.

In in vitro experiments under conditions commonly
used for differentiating neural stem cells, whole BM was
induced to form cellular spheres indistinguishable from
neural stem cell neurospheres. These BM-derived spheres
expressed neurogenin 1, a transcription factor found dur-
ing specific stages of neural development (Kabos et al.,
2002). After grafting into the neurogenically active hip-
pocampus of adult rat, some of the transplanted BM cells
integrated and tested positive for the neuronal marker
NeuN. Thus, these whole BM-derived stem/progenitor
cells can be differentiated in vitro by chemicals and growth
factors or in vivo, in a suitable microenvironment.
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In this study, we focused on the subventricular zone
(SVZ), a life-long neurogenic region that provides devel-
opmentally important cues, such as epidermal growth fac-
tor (EGF), fibroblast growth factor-2 (FGF2), sonic
hedgehog, cytokines, neurotrophic factors, bone morpho-
genic proteins (BMPs), and noggin (Reynolds and Weiss,
1992; Morshead et al., 1994; Palmer et al., 1995; Seroogy
et al., 1995; Gross et al., 1996; Michaelson et al., 1996;
Gritti et al., 1999; Lim et al., 2000; Sobeih and Corfas,
2002; Marshall et al., 2003). These signals are able to
determine the cell’s phenotypic and positional fate and to
maintain a migratory state by providing guidance cues to
motile cells. Our own previous studies demonstrated that
the SVZ and its natural extension, the RMS, can support
the survival and migration of various grafted cell types,
from neural (Zigova et al., 1996, 2000; Yang et al., 2000)
and nonneural (Zigova et al., 2002) sources. We used
neonatal (0-2 days old) rats, because we expected these
cues to be stronger in the younger, developing brain.

In the current study, we injected unfractionated BM
cells that express green fluorescent protein (GFP) (Okabe
et al., 1997) into the anterior part of the SVZ to determine
whether progenitor cells from a different dermal origin
would be able to survive, take distinct migratory pathways,
and eventually adopt neural phenotypes after exposure to
this young, highly neurogenic environment. At the same
time, we plated GFP� BM cells into media used for
neuronal cultures to examine the fate of these cells by
immunocytochemistry and to compare morphological and
phenotypic features with the grafted cells.

MATERIALS AND METHODS

Preparation of BM- and SVZ-Derived Progenitors

BM cells were harvested from transgenic “green mice”
that constitutively express GFP (C57BL/6-TgN; Jackson Lab-

oratory, Bar Harbor, ME) according to the procedure described
previously by Song and Sanchez-Ramos (2002). Briefly, after
sacrifice of the animal, the femur and tibia were removed and
flushed out with phosphate-buffered saline with 0.5% bovine
serum albumin (pH 7.2). The marrow was collected and spun
down, the supernatant discarded, and the resulting cell pellet
suspended in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, La Jolla, CA) with 10% fetal bovine serum (Invitro-
gen) and gentamicin (50 �l/ml; Sigma, St. Louis, MO) in a
15-ml conical tube (Falcon, Oxnard, CA) and centrifuged
(400 g/7 min). The supernatant was removed, and the cells were
resuspended in 1 ml of the above-described fresh medium. Their
viability was assessed (85–92%) by using a rapid staining proce-
dure with 0.4% trypan blue (Invitrogen). For culture, cells were
plated at a density of 100,000 cells/cm2 either on poly-L-lysine-
coated (10 �g/ml; Sigma) eight-well chamber slides (Lab-Tek)
or in 75-ml flasks (Corning, Corning, NY) and incubated at
37°C in 5% CO2. The slides and flasks were incubated for up to
20 days with media changes every 3 days. For transplantation,
BM-GFP cells were adjusted to 30,000 cells/�l.

SVZ progenitors were also prepared from the transgenic
GFP mice. The SVZ was microdissected from the brain (Zigova
et al., 1996; Zigova and Newman, 2002; Laywell et al., 2002)
and collected into incubation medium [10 ml of Hank’s bal-
anced salt solution (HBSS; Invitrogen) containing 0.1% trypsin
(Sigma) and 0.01 DNase (Sigma)] for 20 min at 37°C. After
washing, the tissue was mechanically dissociated by gentle trit-
uration, transferred into DMEM containing 10% fetal bovine
serum, and spun down. The supernatant was removed and the
resulting cell pellet resuspended into 1 ml of fresh medium for
estimation of cell viability (�90%) and for transplantation
(30,000 cells/�l).

Cell cultures from murine BM were fixed with 4% para-
formaldehyde after 1–20 days in vitro (DIV) for 10 min at room
temperature and stored in 0.1 M phosphate buffer (pH 7.4) at

Š

Fig. 1. Morphology and proliferative capacity of cultured murine
green-fluorescing BM cells. A: Parts A–D: Fluorescent photomicro-
graph showing the unfractionated population of green-fluorescing BM
cells at 1 (part A), 5 (part B), and 10 (part C) days in vitro (DIV). Shortly
after plating, round green-fluorescing cells attached to the dish and
started to send out processes (part A). On days 5 (part B) and 10 (part
C), we noticed several morphologically distinct cell types: very large,
flat stromal cells (single arrows); spindle-shaped or elongated cells
(arrowheads); and cells with two or more thin processes (double ar-
rows). Around day 15, we found numerous clusters of cells (stars)
throughout the entire culture dish (part D), suggesting that, under this
culture condition, BM cells continue to proliferate (see part E). At this
time point, the nuclearly localized fluorescing signal (green) was very
strong, and in many instances we observed it in cellular bodies and
processes. Part E: In cultures pulsed with BrdU 2 hr before fixation, we
detected immunopositivity (red) in numerous cells regardless of their
morphology, but mainly in small round cells without processes (5 DIV).
Another proliferation marker, Ki67 (5 DIV), confirmed the prolifera-
tive capacity of BM-derived cells (part F). Occasional tdt-positive BM
cells (arrow) were found in 13-day-old cultures (part G). B: Bone
marrow cells express fibronectin and hematopoietic (CD) markers. Part
A: Fluorescent photomicrograph showing AMCA-conjugated fi-

bronectin positivity (blue, arrowheads) in processes and somas of BM
cells (green) cultured for 15 days. Part B: At 5 DIV, approximately 80%
of cultured BM cells expressed CD45, a surface antigen typical for
hematopoietic lineages. Part C: Few green BM-derived cells revealed
positivity for CD133, an early marker of hematopoietic progenitor cells
(red, arrow). Part D: The presence of CD90 antigen indicated the
presence of murine T cells (red, arrow). Parts E,F: Same image viewed
through a dual filter (D). C: Cultured BM cells express neural antigens.
Part A: Fluorescent photomicrographs demonstrating nestin positivity
(red) in BM cells (green) at 5 (arrow) and 13 (part B) DIV (arrow). Part
C: Fluorescent images of cultured (8 DIV) BM-derived cells (green)
expressing glial fibrillary acidic protein (red) antigen, a marker of
mature astrocytes. Parts D–F: Occasional positivity for early neuronal
markers, III�-tubulin (red), in 5 (part D)- and 13 (parts E,F)-day-old
cultures taken under dual (part E) and single (part F) rhodamine filters.
Immunopositivity was observed in small, round (part D) or stromal-like
cells (parts E,F). The morphology of glial-positive cells varied substan-
tially, and their overall number was higher than the number of cells
revealing TuJ1 positivity. Scale bars � 20 �m in A(A–C,E); 25 �m in
A(D), B(A,C–F), C(A–F); 16 �m in B(B); 10 �m in A(F,G); 10 �m in
C (B).
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4°C until immunocytochemistry for hematopoietic and neural
markers was performed. To assess the proliferative capacity of
BM cells, the cultures were exposed to the S-phase marker
5-bromo-2�-deoxyuridine (BrdU; Sigma; 10 �M) for 2 hr be-
fore fixation.

Transplantation of Cell Suspension Into the Neonatal
SVZ

Timed-pregnant rats (Sprague-Dawley) were purchased
from Harlan, Inc. (Indianapolis, IN). After birth, neonatal
1-day-old rats from separate litters were anesthetized by hypo-
thermia according to the procedure described previously
(Zigova et al., 1996, 2002b). Briefly, the head of the neonate
pup was placed in a contoured Styrofoam mold, and an incision
was made through the skin overlying the sagittal suture. A small
hole was created in the skull on the right hemisphere (1 mm
right from the midline, 2 mm anterior to Bregma), and a
Hamilton syringe was lowered (2 mm deep to the pial surface)
through the opening in the skull and 2 �l of cell suspension
slowly delivered into the SVZ at a rate of 1 �l/min for 2–3 min
(BM-GFP, n � 16; SVZ-GFP, n � 5). After transplantation, the
skin was repositioned and sealed with surgical glue (Nexaband
Liquid; Vet Prod Labs). The pups were placed under a heat lamp
for recovery before returning them to their mother. This entire
study followed the USF IACUC guidelines and the Principles of
Laboratory Animal Care.

Cell and Tissue Processing and Immunocytochemistry

The purpose of our tissue culture assay was twofold: to
establish the basic characteristics (phenotype and proliferative
potential) of unfractionated, freshly prepared, and cultured BM-
GFP cells and to work out double-labeling procedures for cell
identification and further phenotypic characterization. These
results were crucial for troubleshooting double- and triple-
labeling procedures related to identification of transplanted cells,
particularly in those cases when the green signal in the brain
sections was not strong enough and the signal enhancement was
followed by additional immunoprocedures.

At various times after implantation (2–70 days), the ani-
mals were anesthetized by ether inhalation and perfused tran-
scardially with 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). The brains were postfixed for 24 hr, immersed in
cryopreservative (20% sucrose in 0.1 M PBS) overnight at 4°C,
embedded in tissue freezing compound (TBS), and cryosec-
tioned in the sagittal plane at 20 �m thickness.

For immunohistochemistry, the sections were thawed,
rinsed thrice with PBS, and incubated in blocking solution
(0.1 M PBS containing 10% goat serum and 0.01% Triton
X-100) for 1 hr at room temperature, followed by incubation at
4°C overnight with the primary antibody. To enhance the GFP
signal, a rabbit polyclonal anti-GFP antibody (Molecular Probes,
Eugene, OR; 1:500) was employed. Rabbit polyclonal antifi-
bronectin (Sigma; 1:400) to detect the presence of extracellular
matrix molecules in BM cells and the rat monoclonal pan-
leukocyte marker CD45 (Serotec; 1:100) to detect hematopoi-
etic cells were utilized. The following mouse monoclonal anti-
bodies were used: CD90.2 (Thy-1.2; Pharmingen, San Diego,
CA; 1:20) for T lymphocytes and CD133 (Miltenyi Biotec;
1:35) to recognize hematopoietic stem/progenitor cells. The

microglia were identified by the rat monoclonal OX42 (1:100;
Serotec, Bicester, United Kingdom), whereas mouse anti-nestin
(Pharmingen; 1:100), mouse anti-TuJ1 (Covance; 1:1,000),
1:500), and rabbit anti-glial fibrillary acidic protein (GFAP;
Dako, Carpenteria, CA; 1:500) were used to recognize neural
antigens. Controls in which the primary antibody was elimi-
nated resulted in no staining.

For BrdU staining, cells were pretreated with 2 N HCl at
60°C and washed with borate buffer (pH 8.5) at room temper-
ature, blocked for 1 hr, then incubated with rat anti-BrdU
(Accurate, Westbury, NY; 1:500). To estimate the number of
fluorescently labeled BrdU cells, the number of BrdU-positive
and the total number of cells were counted after randomly
choosing 20 fields. In addition, some slides were immunolabeled
with sheep polyclonal Ki67 antibody (Chemicon, Temecula,
CA; 1:100). Apoptosis was detected by using the terminal de-
oxynucleotidyl transferase (tdt) labeling technique (TACS apo-
ptosis detection kit; R&D Systems, Minneapolis, MN). Positive
and negative controls were carried out in parallel.

After being rinsed with PBS three times, the sections or
cultured cells were incubated with species-appropriate fluores-
cent secondary antibodies conjugated to Alexa Fluor 594 (Mo-
lecular Probes; 1:700), Alexa Fluor 488 (Molecular Probes;
1:600), or Alexa Fluor 350 (Molecular Probes; 1:450) for 2 hr at
room temperature. After being rinsed with PBS, the slides were
coverslipped with either 95% glycerol or Vectashield mounting
medium. Cell nuclei were visualized with DAPI (2 mg/ml;
Roche). Cresyl violet-stained brain sections were used for iden-
tification of the injection site and for morphological evaluation
of the brain. All cultures and brain sections were examined using
the Olympus BX60 and IX71 microscopes. Selected slides were
analyzed by confocal microscope (Nikon Inverted Diaphot), and
images were processed using the Oncor Image software.

RESULTS

Morphology, Proliferative Capacity, and
Phenotype of Green BM Cells

Shortly after plating (1–5 DIV), BM GFP cells began
to develop into a heterogeneous population of cells with
very distinct cellular morphologies (Fig. 1A, parts A, B).
The diversified morphology became even more evident
with longer culture periods (Fig. 1A, parts C, D). We
frequently observed, in addition to small, round, spindle-
shaped, and elongated cells with two or more processes,
large, flat, stromal-like cells (Fig. 1A, parts B–D). When
we pulsed BM cultures with the cell proliferation marker
BrdU, we found nuclear labeling in all studied intervals
and in all cell types (Fig. 1A, part E). Cell proliferation was
also confirmed by the second proliferation marker, Ki67
(Fig. 1A, part E, inset F). At the same time, the low
incidence of apoptotic cells (Fig. 1A, part E, inset G)
suggested that BrdU incorporation reflects the prolifera-
tive capacity of cultured BM cells (for at least the 3 weeks
for which they had been in culture; Table I) and not their
near-death stage.

The expression of fibronectin, a marker typical for
BM cells (Bentley and Tralka, 1983), was found mainly in
round and stromal-like cells (Fig. 1B, part 1) at 5, 10, and
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15 DIV. At 5 DIV, 8.1% of the population showed fi-
bronectin positivity that increased to 26.4% at 10 DIV and
remained at this level at 15 DIV (28.0%).

The pan-leukocyte marker CD45 was observed in all
cell types (85%) except for the large stromal cells (Fig. 1B,
part B). The majority of BM cells retained the expression
of this marker throughout the culture time points studied
(5–20 DIV). The rare occurrence of the T-cell marker
CD90 (1.2–1.8%) and CD133 (�1%), presumable mark-
ers of stem/progenitor cells, was also observed (Fig. 1B,
parts C–F). The cells expressing these antigens were usu-
ally round and small.

We also wanted to determine whether the culture
environment could induce the BM cells to express neural
phenotypes and whether these phenotypes could be con-
firmed by distinct neuronal and glial morphologies. We
noticed, in 5- and 13-day-old cultures, immunopositivity
for nestin, a marker for neural progenitor cells (Lendahl et
al., 1990). The immunolabeling for this antigen was
strictly related to round, small cells or to cells with few
processes (Fig. 1C, parts A, B). The presence of cells
expressing glial fibrillary acidic protein (GFAP), an antigen

typical for mature glial cells (Dahl et al., 1985), was very
rare, and, interestingly, morphology of GFAP-positive
BM cells did not match the classical description or appear-
ance of glial cells (Fig. 1C, part C). The early neuronal
marker TuJ1 was detected in some GFP� cells (Fig. 1C,
parts D–F). Morphologically, the GFP/TuJ1-colabeled
cells were either small, round cells or cells with stromal-
like appearance. In general, the number of cells expressing
GFAP (�4.2%) was higher than the number revealing
immunopositivity for III�-tubulin (�2.6%) at days 5, 8,
and 13.

Transplantation of Murine SVZ-GFP� Progenitors
Into the SVZ of the Neonatal Rat

This experiment was performed as a control exper-
iment for the BM transplantation. Knowing from our
previous studies that homotopically grafted progenitors
(rat SVZ progenitors into the rat SVZ) behave like en-
dogenous SVZ-derived cells (Zigova et al., 1996), we
based our current control experiments on those findings.
In this experiment, we transplanted SVZ cells from trans-
genic GFP mice into rat SVZ. This provided the advan-

TABLE I. Proliferative Capacity of Cultured BM Cells Expressing GFP

DIV

1 (%) 5 (%) 10 (%) 15 (%)

BrdU�/totala 94/383 (24.5) 179/462 (38.7) 462/1,035 (44.6) 330/805 (41.0)
Prevalent morphologyb 1 1, 2 1 1
aRatio between the total number of cells and those incorporating the proliferation marker BrdU. The counts were
collected from 20–25 fields/slide/time point.
bPrevalent morphology of plated BM-GFP� cells incorporating BrdU: 1, round, small cells; 2, other cell types
(including spindle-shaped, elongated, and large, flat cells).

TABLE II. Spatiotemporal Distribution of Grafted Murine GFP� Cells Following Their Transplantation Into the Neonatal SVZ*

Rat
No.

Age of
host

Survival
(days)

Final position of GFP� cells

SVZ RMS OB CC CT SWM LV

Homotopic SVZa grafts 1 P1 14 � � � � � � �
2 P1 21 � � � � � � �
3 P1 21 � � � � � � �
4 P1 31 � � � � � � �
5 P1 56 � � � � � � �

Bone marrow grafts 1 P2 2 � � � � � � �
2 P2 8 � � � � � � �
3 P1 14 � � � � � � �
4 P2 21 � � � � � � �
5 P1 30 � � � � � � �
6 P2 35 � � � � � � �
7 P2 43 � � � � � � �
8 P1 56 � � � � � � �
9 P1 70 � � � � � � �

10 P1 70 � � � � � � �

*Summary of the distribution of SVZ-GFP� and BM-GFP� cells within the brain regions at various postinjection survival times. Among 22 animals that
received the transplant of GFP� cells, 15 were used for analysis; in 4 animals the processing was not satisfactory, and in 3 animals the transplant was not
found, so they were excluded from total counts and final analysis. Representative images were taken from sections prepared from rats 1 and 2 for SVZ
and rats 2 and 3 for BM transplants. CC, corpus callosum; CT, cortex; LV, lateral ventricle; OB, olfactory bulb; RMS, rostral migratory stream; SWM,
subcortical white matter; SVZ, subventricular zone; �, presence of cells; �, absence of cells.
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tage of easy identification of the grafted cells by their green
fluorescence, which remained detectable by enhanced
imunolabeling even throughout the longest postgrafting
period.

Depending on the survival time (Table II), trans-
planted murine SVZ progenitors were found around the
injection site in the anterior part of the SVZ and along the
full extent of the RMS (Fig. 2A, part A). Within 1 week,
many of these cells reached the subependymal layer of the
olfactory bulb (OB) and mingled with endogenous inter-
neurons (Fig. 2A, part B). Two weeks after grafting, many
of the green cells began to send out processes and mor-
phologically resemble OB cells (Fig. 2A, part B, and inset).
At the same time, these cells acquired a neuron-specific
class III�-tubulin immunoreactivity. These findings con-
firm the ability of murine SVZ-derived progenitors to
follow the same migratory route as endogenous analogs
and to settle in the OB while expressing neuronal cell
type-specific antigen commonly found in this region
(Zigova et al., 1998).

Distribution and Phenotype of GFP� BM Cells
After Transplantation Into the SVZ of the
Neonatal Rat

To test the potential of the whole BM for neural
differentiation in vivo, we transplanted freshly prepared
cells into the anterior part of the SVZ of neonatal (1-day-
old) rat pups. It is believed that this neurogenically active
region, rich in neurotrophic factors, may support neural
differentiation of those cells in the BM that are not fully
committed to hematopoietic fate.

After transplantation, animals survived from 2 days
up to 10 weeks (Table II). In those animals with shorter
survival (2 days), the GFP� BM cells were located only
close to the injection site (Fig. 2B, part A). With increased
survival time after grafting (1–3 weeks), the cells were

found in corpus callosum and cortex and posteriorly in the
subcortical white matter (Fig. 2B, parts C–E). At the same
time, many BM cells were observed within the vertical or
horizontal limb of the RMS, and some of them resembled
the morphology of migrating neuroblasts (Fig. 2B, part B).
Few single cells reached the subependymal zone of the
OB. Morphologically, these cells were small, usually with
one or two relatively short processes, similar, in some
cases, to the OB granule cells (Fig. 2B, parts F, G). In one
instance, we found a clump of BM cells with very short
and thick processes, in the core of the OB (Fig. 2C, parts
A–C). Phenotypically, these BM cells either as single cells
or in clump formation displayed very low positivity for
hematopoietic (CD45) antigens in vivo and did not reveal
immunoreactivity to any of the neural (nestin, TuJ1,
GFAP) antigens.

DISCUSSION
In this study, we demonstrated that GFP� murine

BM cells transplanted into the neonatal SVZ were able to
migrate from the injection site in the anterior part of the
SVZ along the RMS and reach the OB. Some green
donor cells were found dorsally by the SVZ–white matter
interface. In almost every case, we noted cells confined to
the injection site. The green fluorescence signal allowed
easy detection of donor cells even in the longest survival
periods after grafting (2–70 days). In some instances, the
signal was converted with an antibody against GFP, con-
firming that the cell fluorescence resulted from the expres-
sion of the marker gene. Phenotypically, these BM cells in
the most remote locations from the injection site (OB and
subcortical white matter) did not show glial or neuronal
immunoreactivity, and CD45 expression was very weak.
In cultures (1–15 days), which served as comparisons of
cellular morphology and phenotype for grafted BM cells,
we found positivity for CD markers (CD45, CD90,

Š

Fig. 2. A: After implantation into the neonatal SVZ, precursors iso-
lated from green mouse SVZ followed the same migratory route,
resided in the OB, and expressed neuronal antigens as their endogenous
counterparts. The animals (n � 5) survived 14–56 days after surgery
(see Table II). Part A: After injection, green-fluorescing SVZ cells were
found in the RMS (marked by dashed lines) leading to the OB. Part B:
Note many green SVZ-derived cells within the subependyma of the
OB (arrows). Inset shows one of the numerous GFP-SVZ cells (green)
reaching the OB, colabeled with antibody against III�-tubulin (red, 14
days after grafting). B: BM cells isolated from green mouse were found
in the SVZ, the RMS, and the OB. These cells did not express neural
markers after reaching the OB. The animals (n � 10) survived for 2–70
days after grafting (see Table II). Part A: Cresyl violet-stained parasag-
ittal section through the host brain showing the injection site (encircled
area) targeting the SVZ. The confined, darkly stained BM cells were
easily recognized within the brain parenchyma (70 days survival after
grafting). Part B: Several GFP-positive BM-derived cells were found
within the delineated (dashed lines) migratory route. The arrow points
to the cell, which is magnified in the inset. Part C: Brightfield image
of a cresyl violet-stained section through the neonatal rat brain showing
the area in the posterior subcortical white matter overlying the hip-
pocampus (arrowheads). We detected within this region several BM-

derived green-fluorescing cells (arrows), shown in part D. Part E:
Higher magnification allows detailed observation of several cells with
green fluorescent signal (arrows). Part F: Fluorescent photomicrograph
of the single GFP-positive BM-derived cell (arrow) within the OB
subependyma (14 days after grafting) observed under the dual (rhoda-
mine and FITC) filter. Part G: The same section was stained for glial
fibrillary acidic protein (GFAP), a marker of astrocytic glia. The cell
indicated by the arrow is GFAP negative (rhodamine filter). C: Con-
focal images of the transplanted BM cells isolated from GFP mouse.
These cells were implanted into the anterior part of the SVZ of a
1-day-old rat pup. Eight days later, the cells reached the subependymal
layer of the OB. On this particular section, the green signal was
converted through the rhodamine-conjugated anti-GFP antibody to
obtain stronger red signal. DAPI counterstain confirmed the singleness
of BM-derived nuclei surrounded by GFP immunopositivity. Parts
A–C: Fluorescent photomicrographs showing the cluster of BM-
derived cells (red) in the OB subependyma taken through a 20-�m-
thick section. The arrow points to a single cell that was followed in
three consecutive images, 2 �m apart. Scale bars � 20 �m in A(A),
B(B), in C(A) for C(A–C); 10 �m in A(B), in B(F) for B(F,G); 200 �m
in B(A,C,D); 50 �m in B(E).
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CD133) and occasionally for common neural antigens
(nestin, GFAP, TuJ1); however, none of these cells dis-
played morphology characteristic of neurons or mature
glia.

Early Postnatal SVZ Supports Migration of
Endogenous Progenitors Originating From SVZ

Previous studies suggested two distinct migratory
patterns of SVZ-derived progenitor cells: radial (coronal)
in the posterior part and tangential (rostrocaudal) in the
anterior part of the forebrain. These migration pathways
were also closely associated with either neuronal (neuro-
genic pathways) or glial (gliogenic pathways) phenotypes.
However, the long-distance migration of progenitor cells
from the SVZ toward the OB differs in neonatal and adult
rodent brain. Luskin (1993) described the tangential mi-
gration of dividing neuronal progenitors originating from
the anterior aspect of the early postnatal SVZ, giving rise
to OB interneurons. Doetsch and Alvarez-Buylla (1996)
noted in juvenile and adult animals a network of chains of
neuronal progenitors throughout the lateral wall of the
lateral ventricle rising from the full rostrocaudal extent of
the SVZ. Retroviral injection studies examining the mi-
gratory patterns of neural progenitors within and out of
the SVZ (Suzuki and Goldman, 2003) confirmed that,
depending on the injection placement, neonatal SVZ pro-
genitors migrated along the entire rostrocaudal extent of
the SVZ, including the caudal tip of the SVZ at the
hippocampal border and out of the RMS toward the OB
or along the SVZ adjacent to the striatum.

Neonatal Brain Supports Migration of Neural and
Nonneural Cell Types

Transplantation studies designed to examine the mi-
gratory properties of various cell types within the SVZ
showed that cells derived from the anterior SVZ are able
to resume migratory behavior and spatiotemporal distri-
bution within the RMS and OB similar to that of their
endogenous analogs (Zigova et al., 1996). In the current
study, we used GFP� mouse cells to trace their migratory
fate after implantation into the anterior part of the SVZ in
neonatal rats. Regardless of the different species and age of
the host and donor (adult mouse SVZ progenitors were
grafted into the neonatal rat SVZ), the GFP� SVZ-
derived cells were found in the subependymal OB of the
rat within 3 weeks after transplantation. Easy identification
of green-fluorescing GFP� cells allowed for their detec-
tion in distant locations from the injection placement. In
one case, we found cells in the subcortical white matter
(Fig. 2B, parts C–E) posterior to the injection site. One
explanation would be that injection of cells was placed
more posterior than in the rest of animals, so some injected
cells first migrated to the posterior SVZ and then com-
menced the radial migratory movement toward the over-
lying subcortical white matter. Another possible explana-
tion would be that these cells migrated along myelinated
(Fulton et al., 1992) and unmyelinated (Golden et al.,
1997) axons in the developing subcortical white matter

pathways, such as the superior longitudinal or the arcuate
fasciculi. This, however, has to be elucidated.

Previously we have also tested the migratory prop-
erties of other cells, known as hNT neurons (Zigova et al.,
2000). These human, neuronally committed cells were
also able to move within the RMS, and a few of them
even reached the granule cell layer of the OB, similarly to
postnatally generated OB interneurons. Most of them,
however, stayed close to the injection site in the SVZ.
This reduction in number of cells reaching the OB after
tangential movement along the RMS and radial migration
through the OB granule cell layer was attributed to the
human origin of these cells as well as to different stages of
their neuronal commitment at the time of grafting.

Transplantation of predifferentiated human umbilical
cord blood cells into the anterior part of the SVZ revealed
that these originally nonneural cells had migrated only
through the very initial part of the RMS and never
reached the OB. Many of them were trapped in the
cortical parenchyma, in the corpus callosum, or around
cortical blood vessels (Zigova et al., 2002b). Here, the
freshly prepared whole bone marrow-derived cells were
found within the entire extent of the RMS and also in the
OB, indicating that these two cell sources, both derived
from a mesodermal germ layer, have different abilities to
read the cues within the RMS and OB. It is possible that
dissimilarities in the migratory behavior of human and
mouse donor cells reflect the species incompatibility and
the differences in the development of progenitor cells.
Extensive migratory behavior of BM cells derived from
marrow stromal cells was demonstrated by Kopen at al.
(1999). These investigators engrafted murine marrow stro-
mal cells into the lateral ventricle of the neonatal mice and
followed their migratory patterns and phenotypic fate over
the 12-day period. Engrafted cells were detected in many
brain regions, including the islands of Calleja, OB, cere-
bellum, and brainstem.

Migratory Properties, Phenotype, and
Proliferation of BM-Derived Cells

There is now evidence that BM cells can engraft into
the brain parenchyma regardless of the route by which
they were administered (systemic vs. intraparenchymal).
However, differences, such as final phenotype of trans-
planted cells, distribution, and proliferative capacity, were
noted in various experimental models. Systemic BM trans-
plantation with GFP-expressing cells from transgenic mice
resulted in migration of cells into peripheral tissues (Ono
et al., 2003) and brain parenchyma (Ono et al., 1999,
2003; Corti et al., 2002a; Hess et al., 2002). In our study,
the BM cells were delivered into a small target area within
the neurogenic SVZ, the region that is known to be a part
of the natural migratory pathway of progenitor glial and
neuronal cells. After placing BM cells into this region, we
found them in two distinct places (RMS/OB and subcor-
tical white matter), which were relatively remote from the
injection site, so this could not be explained as a passive
distribution or artifact caused by a needle or volume or
pressure developed during the cell delivery. This observa-
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tion also argues for two possible phenotypes of trans-
planted cells, neuronal within the subependymal zone of
the OB and glial in the subcortical white matter. In our
study, we did not confirm the colocalization of the GFP
signal either with GFAP or with TuJ1, even though some
cultured BM cells revealed it (Fig. 1C). The most probable
explanation for the absence of neural antigens in grafted
cells may be the short survival time (2 weeks), insufficient
for the cells to start any differentiation. Other authors
usually report immunopositivity for neural antigens in
grafted BM progenitors after extended periods (Mezey et
al., 2000, 2003; Brazelton et al., 2000; Priller et al., 2001).

Ono et al. (2003) investigated the cytochemical dif-
ferences in cells that had migrated into the brain and other
tissues after 7 days with antibodies against CD34 (hema-
topoietic stem cell marker), Mac-1 (C3bi receptor
marker), and ER-MP12 (murine early-stage myeloid pre-
cursor marker). They found that clusters of BM-derived
cells in the liver and other organs were mainly CD34–,
Mac-1�/–, ER-MP12–, whereas those in the brain were
CD34–, Mac-1�, ER-MP12�, suggesting that clusters in
the brain were in a different state of differentiation from
those in other tissues. In our studies, however, the cluster
of BM cells within the OB (14 days postgrafting) did not
show colocalized OX42 (marker of microglia) antibody
reactivity. This may be explained again by the shortness of
survival, or perhaps other microglia-recognizing antibod-
ies such as F4/80 and ER-MP12 have to be employed.

Another interesting finding reported by other au-
thors was the presence of clusters of BM cells in the brain
parenchyma, suggesting that these cells are actively prolif-
erating while reaching their final destination (Ono et al.,
2003). In our study, we noted the cluster of BM-derived
cells within the OB, probably also indicating the prolifer-
ative capacity of specific subpopulation of BM cells. In-
corporation of BrdU in cultured (1–15 DIV) BM cells
supports this finding. Here we can speculate that migra-
tory behavior associated with proliferative capacity of pro-
genitor cells can reflect two scenarios. The first possibility
is that some of these cells were delivered to the ventricle
and were moved with the cerebrospinal fluid toward the
OB ventricular system. This would explain the facts that
some early hematopoietic progenitors started to proliferate
and that the clump was trapped in the subventricular zone
of the OB. Ono et al. (2003) reported the presence of
similar clumps of cells within the brain parenchyma after
systemic administration of the same cell source. The sec-
ond explanation would be based on the parallel observa-
tion of endogenous neural progenitors from SVZ/
RMS/OB region, for which migration of proliferating
neuroblasts has been previously described (Menezes et al.,
1995). The second possibility would also suggest (indi-
rectly) that hematopoietic and neural cells might have
common characteristics or that immature cells within
those two cell sources have an overlapping set of cyto-
chemical properties (receptors, proteins, etc.) that allow
them to behave similarly in the specific brain environ-
ment.

Further studies are warranted to understand better
the migratory and phenotypic potential of progenitors
originating from hematopoietic sources such as BM and
human umbilical cord blood and also to explain the dif-
ferences between theses cell sources with respect to recip-
ient age. This will allow us to determine effective thera-
peutic strategies for treatment of neurodegenerative
diseases occurring predominantly in older individuals.
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