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Bone marrow, or cells selected from bone marrow, were reported
recently to give rise to cells with a neural phenotype after in vitro
treatment with neural-inducing factors or after delivery into the
brain. However, we showed previously that untreated bone mar-
row cells express products of the neural myelin basic protein gene,
and we demonstrate here that a subset of ex vivo bone marrow
cells expresses the neurogenic transcription factor Pax-6 as well as
neuronal genes encoding neurofilament H, NeuN (neuronal nuclear
protein), HuC�HuD (Hu-antigen C�Hu-antigen D), and GAD65 (glu-
tamic acid decarboxylase 65), as well as the oligodendroglial gene
encoding CNPase (2�,3� cyclic nucleotide 3�-phosphohydrolase). In
contrast, astroglial glial fibrillary acidic protein (GFAP) was not
detected. These cells also were CD34�, a marker of hematopoietic
stem cells. Cultures of these highly proliferative CD34� cells,
derived from adult mouse bone marrow, uniformly displayed a
phenotype comparable with that of hematopoietic progenitor cells
(CD45�, CD34�, Sca-1�, AA4.1�, cKit�, GATA-2�, and LMO-2�). The
neuronal and oligodendroglial genes expressed in ex vivo bone
marrow also were expressed in all cultured CD34� cells, and GFAP
was not observed. After CD34� cell transplantation into adult
brain, neuronal or oligodendroglial markers segregated into dis-
tinct nonoverlapping cell populations, whereas astroglial GFAP
appeared, in the absence of other neural markers, in a separate set
of implanted cells. Thus, neuronal and oligodendroglial gene
products are present in a subset of bone marrow cells, and the
expression of these genes can be regulated in brain. The fact that
these CD34� cells also express transcription factors (Rex-1 and
Oct-4) that are found in early development elicits the hypothesis
that they may be pluripotent embryonic-like stem cells.

Adult bone marrow contains stem cells that replenish the
hematopoietic system at a high turnover rate by generating

cells of the myeloid and lymphoid lineages. Because bone
marrow cells are accessible and readily available, the hypothesis
arose that bone marrow may be a source of stem cells for tissues
other than the hematopoietic system. The consequence of this
rationale is that several laboratories are attempting to develop
strategies to use bone marrow cells for brain cell-replacement
therapy. They have used ex vivo bone marrow cells, either an
unselected (1–4) or a selected (5, 6) subpopulation, or cells
cultured from bone marrow (7–11). When injected into recipient
animals, bone marrow cells were found in the brain expressing
neural markers in most cases. Previously, the gene encoding
myelin basic protein (MBP) was found to be expressed in bone
marrow in vivo (12). This finding raised the possibility that some
in vivo bone marrow cells express other neural genes. Indeed, we
report here that neural and oligodendroglial genes are expressed
in a subset of ex vivo bone marrow cells that are CD34�. A
culture system was developed to generate pure populations of
highly proliferative cells from adult bone marrow that express
both neural and hematopoietic stem cell markers in addition to
CD34. On transplantation into adult mouse brain, the cultured
CD34� cells survive for 14 months, the longest time tested;
differentiate morphologically into cells that resemble neurons,
astrocytes, and oligodendrocytes; and express distinct markers
specific to each of these cell types.

Materials and Methods
Bone Marrow CD34� Stem Cell Cultures. Bone marrow was collected
aseptically from the femurs of 16 C57BL�6J, 4 SJL�J, 4 C3H, and
2 FVB-129 adult mice. Cells from one adult mouse femur were
suspended in 10 ml of DMEM (GIBCO) containing 10% FBS
and in 10 ml of hybridoma cell-defined serum-free medium
(GIBCO) and distributed into two T75 tissue-culture flasks.
Both media were supplemented with mouse IL-3 (R & D
Systems), mouse IL-6 (R & D Systems), mouse stem cell factor
(R & D Systems), and 2-mercaptoethanol to a final concentra-
tion of 5 ng/ml IL-3�10 ng/ml IL-6�10 ng/ml stem cell factor and
a 1:1,000 dilution of 10 �l 2-mercaptoethanol in 2.9 ml of HOH.
No matrix, substrate, or feeder cells were added to the liquid
medium in the tissue-culture flasks. Cells were grown at 37°C in
humidified 10% CO2�90% air. Cells were observed and fed or
passaged as needed two times per week. Cells were fed by the
addition of 5 ml of fresh medium to each flask. When the cell
culture was dense enough to subculture, only the floating cells
were collected, leaving behind the cells attached to the culture
flask. These attached cells were bone marrow stromal cells,
endothelial cells, and macrophages, etc. Floating cells were
subcultured in 50% conditioned medium from the previous
culture and 50% fresh medium at 2 � 106 cells per 10 ml. After
3–4 weeks, the cultures contained only dividing floating cells and
the cells no longer differentiated into macrophages and other
cells that attached to the flask.

RT-PCR. RNA was obtained from adult mouse bone marrow, from
CD34� cells cultured from 6 weeks to 4 months, and from
postnatal day 2 mouse brain, and RT-PCR was performed by
standard methodology by using the following DNA primers:
GATA-2, 5�-ATGGAGGTGGCGCCTGAGCAGCCT-3� (for-
ward) and CTGCCGCCTTCCATCTTCATGCTC-3� (reverse);
LMO-2, 5�-ATGTCCTCGGCCATCGAAAGGAAG-3� (for-
ward) and 5�-GATGATCCCATTGATCTTGGTCCA-3� (re-
verse); Rex-1, 5�-CACCATCCGGGATGAAAGTGAGAT-3�
(forward) and 5�-ACCAGAAAATGTCGCTTTAGTTTC-3�
(reverse); Oct-4, 5�-CCGTGAAGTTGGAGAAGGTG (for-
ward) and 5�-TGATTGGCGATGTGATGTAT (reverse);
Flk-2, 5�-CGTACCGAATGGTGCGAGGATCCC-3� (for-
ward) and 5�-CATGGTTCACATGGATGGCCTTAC-3� (re-
verse); TAL-1, 5�-GATGACGGAGCGGCCGCCGAGCGAG-
GCG-3� (forward) and 5�-CGCACTACTTTGGTGTGAGGA-
CCA-3� (reverse); CD34, 5�-CAGTATTTCCACTTCA-
GAGATGAC-3� (forward) and 5�-GTGTAATAAGGGTCT-
TCACCCAGC-3� (reverse); neurofilament H, 5�-ATTGGCTT-
TGGTCCGAGTCC (forward) and 5�-GGGGGTTCTTTGG-
CTTTTAC (reverse); neurofilament M, 5�-CTTTCCTGCG-
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GCGATATCAC (forward) and 5�-TCCTCAACCTTTCCCT-
CAAT (reverse); and neurofilament L, 5�-GCAGAACGC-
CGAAGAGTGGT (forward) and 5�-CGAGCAGACATCA-
AGTAGGA (reverse). PCR products were separated by base
pair size on gels by using standard protocols.

Immunocytochemistry. For ex vivo studies, in situ bone marrow
cells were removed and treated immediately with 4% parafor-
maldehyde. In vitro bone marrow cells from 6-, 21-, 28-, 48-, 56-,
and 110-day cultures were incubated in 4% paraformaldehyde at
4°C for 15 min, washed three times in Dulbecco’s PBS, applied
to microscope slides by cytocentrifuge, and used immediately or
stored at �80°C until use. Cells were then treated with 0.25%
Tween 20 for 3 min at 21°C, washed three times in PBS, and
analyzed by standard immunocytochemistry methodology with
the following antibodies: primary antibodies CD34 (553731,
Pharmingen), Sca-1 (557403, Pharmingen), AA4.1 (559158,
Pharmingen), cKit (CBL1359, Cymbus Biotechnology, Chan-
dlers Ford, England), H-2K (553567, Pharmingen), CD45
(553076, Pharmingen), F4�80 (MCAP497, Serotec), Pax-6 (sc-
11357, Santa Cruz Biotechnology), Oct-4 (sc-9081, Santa Cruz
Biotechnology), Hu-antigen C�Hu-antigen D (HuC�HuD;
A-21275, Molecular Probes), neurofilament H (SMI 312, Stern-
berger Monoclonals, Lutherville, MD; AB1989, Chemicon),
neuronal nuclear protein (NeuN; MAB377, Chemicon), glu-
tamic acid decarboxylase 65 (GAD65; AB5082, Chemicon), M2
muscarinic acetylcholine receptor (AB166–50UL, Chemicon),
glial fibrillary acidic protein (GFAP; MAB3402, AB5040, and
AB5804, Chemicon), 2�,3� cyclic nucleotide 3�-phosphohydro-
lase (CNPase; MAB326, Chemicon), myelin oligodendrocyte-
specific protein (MOSP; MAB328, Chemicon), NG2 chon-
droitin sulfate proteoglycan (AB5320, Chemicon),
galactocerebroside (AB142, Chemicon), oligodendrocyte-
marker antibody O4 (MAB345, Chemicon), MAG (myelin-
associated glycoprotein; MAB1567, Chemicon), and proteolipid
protein (PLP; MAB388, Chemicon). Secondary antibodies were
FITC-labeled F(ab�)2 donkey anti-rabbit (711-096-152, Jackson
ImmunoResearch), tetramethylrhodamine B isothiocyanate-
labeled F(ab�)2 donkey anti-rat (712-026-150, Jackson Immu-
noResearch), isothiocyanate-labeled F(ab�)2 goat anti-mouse
IgG � IgM (115-026-044, Jackson ImmunoResearch), isothio-
cyanate-labeled F(ab�)2 rabbit anti-mouse (315-026-045, Jackson
ImmunoResearch), FITC-conjugated goat anti-mouse IgG1 Fc�
fragment-specific antibody (115-095-008, Jackson ImmunoRe-
search), Cy5-labeled F(ab�)2 donkey anti-rabbit (711-176-152,
Jackson ImmunoResearch), horseradish peroxidase-conjugated
goat F(ab�)2 anti-rabbit IgG (heavy and light chains) (L4300-7,
Caltag, South San Francisco, CA), and Fab fragment goat
anti-mouse IgG (115-007-003, Jackson ImmunoResearch). In
the cases of mouse monoclonal IgG1 antibody binding to ex vivo
mouse bone marrow cells, the standard protocol was modified to
expose fixed permeablized cells for 1 h at room temperature to
5% normal goat serum in PBS, followed by six washes with PBS.
Cells were then exposed for 1 h to 20 �g�ml Affinipure Fab
fragment goat anti-mouse IgG1 (115-007-003, Jackson Immu-
noResearch), exposed for 1 h to primary mouse monoclonal
antibody IgG1 to the antigens of interest, washed six times in
PBS, and finally exposed for 1 h to secondary FITC-goat
anti-mouse IgG1 Fc� fragment-specific antibody, washed six
times with PBS. The following two controls were used: a lack of
primary antibody and primary mouse monoclonal IgG1 anti-
GFAP.

Western Blot Analysis. Proteins from cultured CD34� cells were
separated by 10%, 12%, and 4–20% gradient polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes as re-
ported (12), and analyzed for specific proteins by using the
antibodies listed above.

Vital Dye Labeling of CD34� Cells. CD34� cells were labeled by
fluorescent dye 5-(and 6)-{[(4-chloromethyl)benzoyl]amino}-
tetramethylrhodamine (Cell Tracker Orange, CTO; CMTMF;
Molecular Probes) as follows. CD34� cells (2 � 108) were
incubated in a final concentration of 25 �M CTO from a �400
stock of 10 mM dye in DMSO. Cells were incubated in 5 ml of
dye containing DMEM10 at 37°C for 15 min, pelleted by cen-
trifugation, washed in 15 ml of DMEM10, incubated for 30 min
at 37°C, pelleted again, washed again in 15 ml of DMEM10 at
37°C for 15 min, pelleted again, and resuspended in DMEM10 at
104 cells per �l.

Stereotactic Injection of CD34� Cells into Adult Mouse Brain. Thirty-
four anesthetized adult C57BL�6J mice were injected stereotac-
tically with 104 C57BL�6J CTO-labeled CD34� cells in 1 �l of
DMEM10 into the hippocampus and striatum of each brain.
Injected animals were grown for 1–14 months and then killed
and perfused with PBS, followed by 4% paraformaldehyde.
Brains were removed, equilibrated in 30% sucrose, embedded in
cryo-embedding compound, frozen, cut into 30-�m thick cross
sections, prepared for immunohistochemistry by using standard
methods, and counterstained with 25 ng�ml 4�-diamidino-2-
phenylindole (DAPI). Implanted CD34� cells were observed
and images were captured by conventional f luorescence and
laser confocal microscopy with rhodamine, f luorescein, Cy5, and
DAPI optics.

Results and Discussion
Neural Antigens Present in a Subset of ex Vivo Bone Marrow Cells.
Previous studies observed that different bone marrow cell
preparations can express neural molecules after transplantation
into brain. However, it has not been established whether the
neural molecules are the consequence of transplantation or are
already present in the bone marrow, as shown formerly for
products of the gene encoding myelin basic protein (MBP) (12).
The expression of neural markers in noncultured ex vivo bone
marrow, therefore, was investigated (Fig. 1). The neurogenic
transcription factor (Pax-6) and the four neuronal proteins that
were examined (neurofilament H, NeuN, HuC�HuD, and
GAD65) were present in 1.5% of adult bone marrow cells (see
Table 2). Double immunocytochemistry labeling demonstrated
that Pax-6 and neurofilament H were present in the same cells.
In addition, whereas the oligodendroglial protein CNPase also
was discovered in some bone marrow cells, no labeling was
detected with antibody to astroglial GFAP.

To determine whether the bone marrow cells, which express
neural antigens, represent hematopoietic stem cells, double
immunocytochemistry was carried out with neural markers and
CD34, a marker of bone marrow stem cells. Strong labeling with
antibodies to neurofilament H, NeuN, GAD65, HuC�HuD,
Pax-6, and CNPase was present in only a subset (�20%) of ex
vivo CD34� cells (Fig. 1).

Generation of Highly Proliferating Hematopoietic Progenitors. Be-
cause neural antigens were present in a subset of bone marrow
cells bearing CD34, an antigen that can be found on hemato-
poietic progenitors, a method was developed to generate cul-
tures of highly proliferative CD34� cells. Bone marrow of four
strains of mice was harvested from 26 adult femurs and cultured
individually in liquid medium containing the hematopoietic stem
cell growth factors IL-3, IL-6, stem cell factor, and 2-mercap-
toethanol. Only nonadhering floating cells were subcultured
continuously over 4 months as described above. With time in
culture, the percentage of adherent cells decreased to zero by
3–4 weeks (Fig. 2). These floating cells, which grow over 30
generations, show a high proliferative capacity. Indeed, over a
4-month period of culture, 1 � 1014 cells were generated from
1 � 106 bone marrow cells that were obtained from one mouse

Goolsby et al. PNAS � December 9, 2003 � vol. 100 � no. 25 � 14927

D
EV

EL
O

PM
EN

TA
L

BI
O

LO
G

Y



femur. A 3-�l pellet of bone marrow cells can be expanded into
a 300-liter pellet of pure CD34� cells, as evidenced by PCR and
immunocytochemistry. Similar proliferation rates were observed
in all cultures regardless of whether they were in serum-
containing or serum-free medium (Fig. 2).

The cells were assayed for hematopoietic markers at various
time points in culture. After 4–5 weeks, all cells were highly

CD34� and CD45�, a general marker of all hematopoietic cells.
In contrast, macrophage F4�80; endothelial cell factor 8; eryth-
roblast TER119; B and T lymphocyte markers CD19, CD4, and
CD8; and B and T lymphocyte transcription factor TAL-1 were
not detected (Fig. 4 and Table 1). These results indicate that the
CD34� cells were not expressing hematopoietic differentiation

Fig. 1. Immunocytochemical detection of neural gene expression in a subset
of adult mouse whole ex vivo bone marrow (see Materials and Methods).
Double immunocytochemical detection of neurofilament H and Pax-6 was
performed in the same subset of bone marrow cells, and expression of
neuronal neurofilament H, NeuN, and HuC�HuD was present in a subset of
CD34� bone marrow cells. GAD65, an enzyme responsible for synthesis of a
major neurotransmitter, also was present in a subset of bone marrow cells.
Oligodendroglial CNPase was present in a subset of bone marrow cells,
whereas the astroglial marker GFAP was not detected on ex vivo bone
marrow. Neurofilament H and Oct-4 were found in the same subset of ex vivo
bone marrow cells. DAPI stains of the nuclei of all cells are shown.

Fig. 2. Long-term cultures of CD34� cells from adult mouse bone marrow.
(Upper) Photomicrographs of bone marrow cells at days 7 and 25. (Lower)
Growth curves of cells from adult bone marrow of C57BL�6J, C3H, SJL�J, and
FVB-129 mice in serum-containing and serum-free media. Growth curves of
cells from the four strains of mice in serum-containing and serum-free media
were comparable.

Table 1. Hematopoietic markers in C57B1�6J mouse bone
marrow cells cultured in IL-3, IL-6, and stem cell factor

Marker

% positive cells

Week 3 Week 4 Week 16

Hematopoietic stem cells
CD34 95–99 100* 100
Sca-1 95–99 100 100
AA4.1 95–99 100 100
cKit 95–99 100 100

All hematopoietic cells
CD45 100 100 100
HMBP 100 100 100

Macrophages
F4�80 1–3 0† 0

Endothelial cells
Factor 8 0 0 ND

B cells
CD19 0 0 ND

T cells
CD4 0 0 ND
CD8 0 0 ND

ND, not determined.
*All of the analyzed cells were positive.
†None of the analyzed cells were positive.
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markers and, therefore, suggest that they might correspond to
stem cells. The cells then were analyzed for additional hemato-
poietic stem cell markers and found to be Sca-l�, AA4.1�, and
cKit� (Table 1 and Fig. 3). Thus, these cells had a cell-surface
phenotype that was comparable with that found in hematopoi-
etic stem cells. Furthermore, they expressed transcriptional
factors GATA-2 and LMO-2, known to be present in hemato-
poietic progenitors (Fig. 4). In addition, the absence of FLK-2
receptor kinase suggests that these cells are analogous to hema-
topoietic stem cells, which are capable of long-term multilineage
reconstruction.

Neural Markers in Hematopoietic Progenitors Cultured from Bone
Marrow. Neural genes were found to be expressed in a minor
subset of ex vivo CD34� bone marrow cells. Therefore, their
presence was examined in the highly proliferative cultures of
hematopoietic progenitors at 3 weeks and at later times when all

cells were CD34�. Both neural transcription factors and markers
of differentiated neurons, astroglia, and oligodendrocytes were
investigated. When all cells were CD34�, all cells were positive
also for the neurogenic transcription factor Pax-6 and neuronal
RNA-binding protein HuC�HuD. Then, the pure population of
CD34� cells was assessed for expression of general neuronal
markers and neurotransmitters (Fig. 5). Cells probed for neu-
rofilaments H, M, and L by RT-PCR were found to express
neurofilament H but not neurofilaments M and L, whereas the
same primers used to probe the CD34� cells gave the expected
products in postnatal day 2 mouse brain (data not shown).
Immunocytochemistry also revealed that all cultured CD34�

cells expressed neurofilament H but not neurofilaments M and
L. Additionally, Western blot analysis showed neurofilament H
at 170 kDa but did not show bands for neurofilaments M and L.
Immunocytochemistry and Western blot analyses of cultured
CD34� cells showed that NeuN was abundant in all cells and was
expressed at the expected molecular masses of 66, 48, and 46
kDa. Because general markers of neurons were present in the
CD34� cultures, markers of neuronal function were investigated
also. Indeed, GAD65, the enzyme responsible for GABA syn-
thesis, was detected in all cells examined, whereas tyrosine
hydroxylase and the M2 muscarinic acetylcholine receptor were
not detected (Table 2). The next step was to determine the
presence of molecules that are considered to be markers of glial

Fig. 3. Immunocytochemical detection of CD34, cKit, and Sca-1 on all cells in
6-week cultures of adult C57BL�6J bone marrow. All cells in CD34� cultures
also expressed cKit and Sca-1.

Fig. 4. Detection of RT-PCR products of mRNA from a pure population of
CD34� cells derived from adult C57BL�6J bone marrow after 6 weeks in
culture. The first lane of each panel shows a 500-bp DNA ladder. (Left) GATA-2
and LMO-2 are hematopoietic stem cell transcription factors. TAL-1 is a
lymphocyte transcription factor. (Right) CD34 is a marker of hematopoietic
stem cells. FLK-2 is a tyrosine kinase receptor present in hematopoietic stem
cells with short-term multilineage reconstitution potential but not long-term
potential. GFAP is a marker of differentiated astroglial cells. Rex-1 is a tran-
scription factor in early embryonic stem cells. Equal quantities of RNA were
used for each lane from a common pool of CD34� cells in culture. CD34 was
used as a positive control.

Fig. 5. Neural gene expression in adult mouse bone marrow cells cultured for
6–10 weeks. The three neuronal genes were detected as follows: neurofila-
ment H was detected by immunocytochemistry, Western blot analysis, and
RT-PCR; NeuN was detected by immunocytochemistry and Western blot; and
GAD65 was detected by immunocytochemistry. The two oligodendroglial
genes were detected as follows: CNPase was detected by immunocytochem-
istry and Western blot, and MOSP was detected by immunocytochemistry.
Except for MOSP, which is a cell-surface molecule expressed in caps or rings in
the plasma membrane, all markers are located inside the cells. DAPI stains of
the nuclei of all cells are shown.
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cells (i.e., astrocytes and oligodendrocytes). The intermediate
filament of astrocytes, GFAP, was not detected at the mRNA or
protein level at any stage in the culture of CD34� cells (Fig. 4B).
In contrast, oligodendrocyte markers CNPase, MOSP (Fig. 5),
galactocerebroside, and NG2 chondroitin sulfate proteoglycan
were present (Table 2), whereas O4 was not detected (data not
shown). These data indicate that early transcription factors, as
well as markers of differentiated cells of the nervous system, are
present in the bone marrow-derived CD34� cell cultures.

Early Embryonic Cell Markers in CD34� Cell Cultures. The most
plausible origin of the CD34� cell cultures that express neural
genes is the amplification of a small percentage of CD34� cells
present in ex vivo bone marrow, which also express neural genes.
It may be that these CD34� cells derive from pluripotent bone
marrow cells, somewhat similar to embryonic stem cells. There-
fore, the cultured CD34� cells were screened for early general
transcription factors Rex-1 and Oct-4 by PCR and found to be
positive (Rex-1, Fig. 4; Oct-4, data not shown). Immunocyto-
chemistry indicated that a small subset of ex vivo bone marrow
cells was positive for Oct-4 (Fig. 1) as were 100% of the cultured
CD34� cells (data not shown). This finding suggests that, indeed,
the cultured CD34� cells may be stem cells with a greater
potential than merely hematopoietic stem cells.

Transplantation of Cultured CD34� Cells into Brain. Because these
cells express molecules compatible with a neural phenotype, we
thought it was reasonable to transplant them into adult mouse
brain without any further treatment. CD34� cells, cultured for
from 6 weeks to 3 months, were labeled with CTO and injected
stereotactically into the brain striatum and hippocampus of 34
adult mice. Brains were processed for immunohistochemistry
and fluorescence microscopy at 1–14 months after transplanta-
tion. The transplanted CTO-labeled cells were found to survive

in high numbers in both striatum and hippocampus (�40% of
injected cells) for 14 months, the longest time tested, without any
obvious alteration in the behavior of the animals. This high

Fig. 6. Immunohistochemical analysis by laser confocal microscopy of gene
expression by CTO-labeled cultured CD34�, Sca-1�, AA4.1�, and cKit� adult
C57BL�6J mouse bone marrow cells transplanted into adult C57BL�6J mouse
brain hippocampus and striatum. First row, CTO-labeled cells continue to
express CD34 6 weeks after implantation into adult brain, and host brain cells
fail to express CD34. Second row, oligodendroglial CNPase (transplanted cell,
arrowhead; host cell, arrow). Third and fourth rows, astroglial GFAP (trans-
planted cell, arrowhead; host cell, arrow). Fifth and sixth rows, neuronal
neurofilament H. Seventh row, NeuN expression in CTO-labeled adult mouse
bone marrow cells 1 year after implantation into adult mouse brain. The last
three rows show that transplanted CTO-labeled cells express either astroglial
(GFAP) or neuronal (neurofilament H and NeuN) proteins but not both; arrows
show the same cell in each row triple-labeled 1 year after implantation.

Table 2. Neural cell markers on ex vivo and cultured CD34� cells

Marker

% positive cells

Ex vivo Day 21
Days 56
and 110

Neural transcription factors
Pax-6 1.5 92 100
Oct-4 1.5 92 100

Neurons
HuC�HuD 1.5 92 100
Neurofilament H 1.5 92 100*†

NeuN 1.5 91 100*
Glutamic acid decarboxylase

GAD65
1.5 ND 100

Tyrosine hydroxylase ND ND 0
M2 muscarinic acetylcholine

receptor
ND ND 0

Glial astrocytes
GFAP 0 0 0*†

Oligodendrocytes
CNPase 1.5 92 100*†

MOSP ND ND 100*
HMBP�MBP2 100 ND 100*†

Galactocerebroside ND ND 100*
NG2 chondroitin sulfate

proteoglycan
ND ND 100*

O4 0 0 0

HMBP�MBP2, hemopoietic myelin basic protein and myelin basic protein 2
(12). ND, not determined.
*Determined by Western blot analysis.
†Determined by PCR analysis.
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percentage of survival of implanted cells in brain is in contrast
to the findings of other laboratories that injected cells into the
circulating blood of sublethally or lethally irradiated mice and
into the peritoneum of newborn PU.1 mice (1–3). In addition,
the CD34� cells injected into the brain migrated from the
injection site throughout the striatum and hippocampus and
beyond. Some cells remained spherical in shape, whereas other
cells extended short processes and continued to express CD34 at
1–2 months after implantation (Fig. 6, top row); at 6 months they
exhibited morphologies reminiscent of neurons, astroglia, and
oligodendrocytes. The implanted brain sections were immuno-
labeled for markers of neurons (neurofilament H and NeuN),
astroglia (GFAP), and oligodendrocytes (CNPase). A striking
finding was that, whereas at the time of injection into brain all
CD34� cells expressed neurofilament H, NeuN, and CNPase, at
6 months and 1 year after transplantation only 40% of implanted
cells expressed neurofilament H and�or NeuN, and 30% of
implanted cells expressed CNPase (Fig. 6 and Table 3). In
addition, whereas no CD34� cells in culture expressed GFAP,
after implantation into the brain 30% of CD34� cells in culture
did express GFAP. Double labeling demonstrated that cells
expressing neurofilament H or NeuN did not express CNPase or
GFAP (Fig. 6). Similarly, GFAP was not detected in cells that
expressed CNPase (data not shown). Thus, neurofilament H,
NeuN, and CNPase immunoactivity is lost in 60–70% of the
implanted CD34� cells, whereas GFAP appeared in 30% of
implanted CD34� cells. Therefore, these data indicate that there
are two stages of expression of neural markers in the CD34� cells
reported here. Whereas all cells in the CD34� cultures express
neurofilament H, NeuN, and CNPase in vitro, in transplanted
cells, neuronal and oligodendrocyte markers in sharp contrast
segregated into distinct populations by suppressing either the
neuronal gene expression or oligodendrocyte gene expression, or
both, in cells that became GFAP� after transplantation. These
data indicate that GFAP, neurofilament H, and CNPase expres-
sion are regulated under the environmental control of the brain.
The plasticity of these CD34� cells in brain to become neurons
or glia is reminiscent of earlier reports of the capacity of glial
cells to become neurons in vivo (13–16).

The demonstration that a minor population of ex vivo bone

marrow cells expresses neural antigens as well as an hematopoi-
etic stem cell marker may lead to a new interpretation of data
from other laboratories that reported expression of neural
antigens in bone marrow cells transplanted into brain. Indeed,
these other studies have suggested that it is the environment of
the brain that leads to the transdifferentiation of bone marrow
cells for the acquisition of neural antigens (1, 2). In contrast, it
has been reported that selected bone marrow cells that are
CD34� failed to express neural antigens when transplanted into
brain (6). Because cells expressing neural antigens are only a
minor population of the bone marrow, these divergent findings
may be accounted for by the fact that different laboratories may
be implanting distinct populations of bone marrow cells, which
may or may not include the minor population expressing neural
antigens.

In summary, a major finding of this study is that ex vivo bone
marrow cells with a hematopoietic stem cell or progenitor cell
phenotype do express molecules associated with the nervous
system, indicating that adult hematopoietic stem cells, which
classically are thought to be of mesodermal origin, express neural
genes, which are regarded as restricted to cells derived from
ectoderm. The presence of neural transcription factors and
neural differentiation antigens in ex vivo CD34� bone marrow
cells may indicate that these cells are permissive or predisposed
to differentiate into neural cells when placed in the milieu of the
brain.

This work has focused on the neural aspects of these CD34�

hematopoietic progenitor cells. It must be determined whether
they are multipotent beyond the nervous system or indeed
totipotent, as the presence of Rex-1 and Oct-4 suggests. Stem
cells from bone marrow are the only known source of stem cells
that circulate in the blood and have access to all tissues of the
body, with the exception of the brain, unless the blood–brain
barrier is compromised. If these cells were multipotent, they
might provide a source for seeding stem cells in other tissues of
the body.

If similar CD34� cell culture methods were adapted for
humans, a patient’s own bone marrow would be an ideal source
for therapeutic cell replacement in neurodegeneration by obvi-
ating the problems of immunohistocompatibility and pathogen
transfer from donor to host, as well as the limited source of
human embryonic stem cells and human fetal brain cells.
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Table 3. CD34� stem cells implanted in adult mouse brain
selectively express neural markers

Protein No. of positive cells % positive

Neurofilament H 815 42
NeuN 795 42
GFAP 490 25
CNPase 580 30
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