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Hematopoietic stem cells (HSCs) have been proposed as a potential
source of neural cells for use in repairing brain lesions, but previous
studies indicate a low rate of neuronal differentiation and have not
provided definite evidence of neuronal phenotype. To test the
neurogenic potential of human HSCs, we implanted CD34� HSCs
from adult human bone marrow into lesions of the developing
spinal cord in the chicken embryo and followed their differentia-
tion by using immunohistochemistry, retrograde labeling, and
electrophysiology. We find that human cells derived from the
implanted population express the neuronal markers NeuN and
MAP2 at substantially higher rates than previously reported. We
also find that these cells exhibit neuronal cytoarchitecture, extend
axons into the ventral roots or several segments in length within
the spinal white matter, are decorated with synaptotagmin� and
GABA� synaptic terminals, and exhibit active membrane proper-
ties and spontaneous synaptic potentials characteristic of func-
tionally integrated neurons. Neuronal differentiation is accompa-
nied by loss of CD34 expression. Careful examination with confocal
microscopy reveals no signs of heterokaryons, and human cells
never express a chicken-specific antigen, suggesting that fusion
with host chicken cells is unlikely. We conclude that the microen-
vironment in the regenerating spinal cord of the chicken embryo
stimulates substantial proportions of adult human HSCs to differ-
entiate into full-fledged neurons. This may open new possibilities
for a high-yield production of neurons from a patient’s own bone
marrow.

bone marrow � neurogenesis � stem cell therapy

Many brain injuries are particularly refractory to self repair
because of the limited regenerative potential of adult

neural tissue. Stem cells may provide a means of surmounting
this problem, because, in principle, they can generate unlimited
numbers of cells for use in tissue replacement therapies (1–4).
Several sources of adult and embryonic stem cells have been
proposed for potential use in brain repair (5–8). Of these,
hematopoietic stem cells (HSCs) are of special interest, because
they are easily harvested, isolated, and purified, and they can be
well characterized by using a repertoire of cell surface markers
(9). Recent evidence suggests that subsets of adult human HSCs
(hHSCs) can differentiate to neural cells, albeit at relatively low
efficiency (3, 10–13). The potential of hHSCs to generate neural
cells is poorly characterized, in terms of both the intrinsic genetic
programs involved and the environmental signals that activate
them. Several reports indicate an overlap in the molecular
programs for hematopoiesis and neuropoiesis in mice (14, 15).
Another report has shown that primary CD34� hHSCs express
mRNA for a number of proteins that are used by (among other
cell types) neurons, including receptors for trophic factors and
other mediators that are known to influence the development of
neurons (16). Commonalities in the expression profiles of neural
and HSCs provide molecular opportunities for across-tissue
differentiation, but it remains to be seen how well these can be
used in the organism or exploited in the clinic.

Mammalian HSCs have been observed to differentiate at low
frequency into neural cells in several in vitro and in vivo systems.
Adult HSCs from rodents and humans injected intravenously or
intracerebrally into rodent hosts can settle in the brain and
express neuronal markers, but the incidence of neuronal differ-
entiation has never been reported to exceed 1–2% of those HSCs
that integrate into the brain (1, 10, 17). Higher incidences have
been reported for HSCs and other bone marrow stem cells in
vitro under conditions designed to promote neuronal differen-
tiation (2, 18). However, the characterization of neuronal phe-
notype in all these studies has been limited to the expression of
selected molecular markers. Functional phenotypic features and
integration into synaptic networks have not been demonstrated.
Finding an in vivo system in which functional neuronal differ-
entiation of hHSCs can be characterized and achieves high yields
would be a major step toward understanding the biology of this
type of differentiation.

Xenotypic grafting has been a powerful tool in studies of
differentiation and embryogenesis for many years. The embry-
onic environment has little or no immunue response, obviating
problems posed by tissue rejection and inflammatory responses.
One of the traditional embryonic systems for such approaches is
the chicken embryo. Recent reports have shown that both human
ES cells, rat mesenchymal stem cells, and mouse neural stem
cells can integrate into the chicken embryo and differentiate into
various cell types with no apparent fusion to the host chicken
cells (19–21).

Lesions to the developing brain and spinal cord of the chicken
embryo repair themselves through a process called regulative
regeneration. Neighboring neural stem cells proliferate to fill in
the wound, producing neurons of the right types in the proper
places (22). We surmised that the microenvironment within the
regenerating neural tissue might stimulate multipotent stem cells
in general to produce differentiated neurons. To test this idea,
we implanted CD34� HSCs from adult human donors into
lesions of the developing spinal cord and followed their
differentiation.

Methods
In Ovo Surgery and Cell Implantation. Chicken eggs were incubated
to stage 15–16, at which time a one- to three-segment stretch of
the lumbar spinal neural tube was excised unilaterally by micro-
surgery. Approximately 20,000 CD34� hHSCs isolated from
bone marrow were implanted into the lesion with a glass
micropipette. The eggs were then incubated for 4–9 days before
assessment of neuronal differentiation by the human cells.

Immunohistochemistry. At the end of incubation, CD34� hHSCs
were detected by using an antibody to human nuclear antigen

Abbreviations: HSC, hematopoietic stem cell; hHSC, human HSC; hNA, human nuclear
antigen.
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(hNA). Embryos were collected from the eggs and the lumbar
part of the embryo dissected out and fixed in buffered 1%
glutaraldehyde�3% paraformaldehyde (for anti-GABA) or 4%
paraformaldehyde (for all other antibodies), cryoprotected, and
sectioned transversely at 10 �m. Immunohistochemistry was
performed with conventional techniques.

Retrograde Axonal Tracing. Spinal motoneurons and interneuron
populations were labeled retrogradely with 3 kDa of rhodamine
dextran amine (Molecular Probes) in an in vitro preparation of
the spinal cord, as described (23–25). The preparations were
then fixed in 4% paraformaldehyde and sectioned and analyzed
by immunohistochemistry.

Electrophysiology. Spinal cord slices from the segments contain-
ing human cells were cut manually (�400 �m thick) and placed
in an incubation chamber for a minimal recovery period of 30
min before they were transferred to a recording chamber.
Patch–clamp recordings and intracellular labeling with biocytin
were performed by using conventional techniques.

For detailed methods, see Supporting Text, which is published as
supporting information on the PNAS web site.

Results
Expression of Neuronal Markers by hHSC-Derived Cells Integrated into
Neural Tissue. In nearly 60% (87�154) of the embryos exhibiting
full regulative regeneration, adult hHSCs had integrated into the
regenerated spinal cord (Fig. 1B). There were no signs of
rejection of the human cells or of inflammatory responses.
hHSCs integrated into both the ventricular zone, where neuronal
progenitors reside, and the developing mantle zone, where
postmitotic neurons reside. In addition, many hHSCs ended up
in peripheral tissue, including the dorsal root ganglion, which
contains sensory neurons. Not all hHSCs, however, ended up in
neural tissue. Indeed, they were most commonly found in blood
vessels, suggesting that many hHSCs maintain their preimplan-
tation hematopoietic fate despite being in a xenotypic environ-
ment (for more detailed information about the fate of the
implanted hHSCs, see Supporting Text).

Over the ensuing 4–9 days, a substantial fraction of hHSCs
(Table 1) began to express the neuron-specific markers MAP2
and NeuN (Fig. 1 C–K). As was the case for the overall
population of integrated hHSCs, these human neuron-like cells
were more prevalent in the ventral horn of the regenerated spinal
cord but were also found in the dorsal spinal cord and the spinal
ganglia. The ventral region of the developing spinal cord of
chicken embryos normally has a higher level of MAP2 and NeuN
expression (see, for example, Fig. 1I). Thus, expression of MAP2
and NeuN by hHSCs seemed to obey a dorsal-to-ventral gradient
normally found in the host neural tissue.

Expression of Neuronal Markers by hHSC-Derived Cells Depends on the
Regenerating Environment. Human cells found in surrounding
nonneural tissue never expressed neuronal markers. In separate
experiments, adult hHSCs implanted at sites outside but close to
the intact developing spinal cord neither expressed NeuN or
MAP2 nor invaded the spinal cord (n � 4). If a small cut was
made in the developing spinal cord, however, a few human cells
invaded the spinal cord through the cut (n � 2). In this case, both
these and the few human cells situated immediately outside of
the spinal cord near the cut expressed neuronal markers (Fig. 1
I–K). Evidently even a small lesion in the developing neural
tissue is permissive for invasion and can stimulate neuronal
differentiation at short range. We conclude that it is not devel-
oping neural tissue per se but rather the regenerative situation
within the neural tissue that is particularly stimulatory for
neuronal differentiation.

Neuronal Differentiation Is Paralleled by Loss of CD34 Expression with
No Sign of Fusion to Host Chicken Cells. To assess cell type-specific
gene expression occurring during neuronal differentiation of
CD34� hHSCs, we followed the expression of CD34, NeuN, and
MAP2 at different time points (Fig. 2). All freshly isolated
CD34� hHSC tested expressed CD34, but none expressed NeuN
or MAP2 (n � 1,500 cells from three different donors). We also
tested for expression of the neural progenitor marker nestin in
the freshly isolated CD34� hHSCs, which was absent (not
shown).

CD34� hHSCs cultured in vitro lose CD34 expression over
several days (26). We therefore tested for CD34 expression in
vivo over a similar time frame. At 3 days after implantation, some
of the human cells expressed CD34, and some expressed neu-
ronal antigens, but none expressed both (Fig. 2 D and E). By 5

Fig. 1. Expression of neuronal markers by human cells after integration into
the regenerated embryonic spinal cord. (A) A one- to three-segment-long
portion of the lumbar neural tube was excised unilaterally, and hHSCs were
injected into the lesion with a micropipette. (B) PKH26-labeled (red) human
cells integrated into the regenerated spinal cord. Nuclei counterstained blue
with Hoechst 33342. (C–E) MAP2- (green) and hNA- (red) labeled human cells
in ventral horn; colocalization demonstrated (circles) for one selected cell (at
cross hairs) shown in side views of confocal stack (E). (F–H) NeuN- (green) and
hNA-labeled (blue) human cells in ventral horn; colocalization demonstrated
(circles) for one selected cell (at cross hairs) shown in side views of confocal
stack (H). (I–K) Human cells (red, hNA) implanted outside the developing
spinal cord do not invade neural tissue or express neuronal antigens (MAP2,
green) except at small lesion site (arrow). Nuclei counterstained with Hoechst
33342 (blue). VZ, ventricular zone; MZ, mantle zone; VH, ventral horn. All
images are from 10-�m transverse sections, dorsal up; B–H are of 0.5-�m
optical sections. [Bars, 60 (B), 40 (C–H), and 80 (I–K) �m.]
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days after implantation, no human cells expressed CD34 (Fig. 2
G and H).

In earlier studies, some examples of apparent neuronal dif-
ferentiation by hHSCs have been explained by fusion of hHSCs
with endogenous neurons, creating hybrid cells of both donor
and host origin with neuronal character (27, 28). Such fusion
occurs at very low frequencies (�0.01%) and produces neurons
containing two or more nuclei (29). To assess whether this could
explain the neuronal differentiation of CD34� hHSCs, we
compared the expression of hNA with that of a chicken specific
marker (Fig. 2 F and I). We observed a complete segregation of
human and chicken cells at both 3 and 5 days after implantation;
no cell expressed both markers. We also searched for the

presence of double nuclei using fluorescent nuclear stains and
both conventional and confocal microscopy. Of 2,879 human
cells in 10 embryos, none contained more than one nucleus,
which was always larger than the nuclei of chicken cells and
similar to the size of hHSC nuclei.

hHSC-Derived Cells Express Definitive Neuronal Characteristics. To
determine whether human cells expressing neuronal markers
were full-f ledged neurons, we used retrograde axonal tracing
to reveal long axonal projections and dendritic structure (Fig.
3) and electrophysiology to assess active membrane properties
(Fig. 4).

To label interneurons with descending axons (24), we applied

Table 1. Efficiency of neuronal differentiation by hHSCs (at the indicated days
after implantation)

Neuronal differentiation n
Days after

implantation
% of integrated

hHSCs

Expressing neuronal markers* 13 4–9 16 � 4.8 (5–45)
With long axons in ventral funiculus† 6 6 14 � 11 (4–35)
With axons in peripheral nerve* 9 6–9 9.6 � 4.7 (5–18)
Receiving GABA� synaptic

terminals*
5 9 10 � 3.5 (6–15)

Receiving synaptotagmin� synaptic
terminals*

8 9 12.7 � 3.1 (9–15)

Data in parentheses represent range.
*Counted in 10 sections from each embryo.
†Counted in five sections from each embryo.

Fig. 2. Neuronal differentiation by human cells involves loss of CD34 expression but never expression of a chicken-specific marker. (A–C) Freshly isolated CD34�
cells (B, red) do not express NeuN (A) or MAP2 (C). Nuclei counterstained with Hoechst 33342 (blue). (D–I) Expression of NeuN (blue), hNA (red), CD34 (green,
E and H), and chicken-specific marker (green; F and I) 3 (D–F) and 5 days (G–I) after implantation of hHSCs. Arrows point to hNA� cells that are NeuN-negative
(D) and CD34-positive (E). F and I show the sections in D and G superimposed on neighboring sections. A–C are images of cytospins, and D–I are 0.5-�m optical
sections from 10-�m transverse sections, dorsal up. [Bars, 40 �m (D–I).]
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f luorescent dextran amines to the ventral funiculus three seg-
ments caudal to the regenerated segment. Retrogradely labeled
human cells had morphologies indistinguishable from endoge-
nous spinal interneurons, including well developed dendritic
arbors (Fig. 3 A and B). The proportion of human cells with
descending axons was similar to that of human cells expressing
neuronal markers (Table 1). This is probably an underestimate,
because the number of interneurons falls sharply as axon length
increases (25). Because we restricted our attention to human
cells with axons at least three segments long (a feature that would
be expected only for neurons), the counts do not include larger
numbers of retrogradely labeled cells at shorter distances.

To label motoneurons, we applied fluorescent dextran amines
to a hindlimb nerve distal to the crural plexus (Fig. 3 C and D).
This showed that �10% of human cells (Table 1) had long

peripheral axons, a feature unique to motoneurons. To confirm
differentiation to motoneurons, we tested for the expression of
the motoneuron marker, islet-1. A substantial number of the
human cells were islet-1� (Fig. 3 E and F).

To assess the electrophysiological properties of human cells,
we made whole-cell recordings from randomly selected neurons
in the ventral horn of spinal cord slices. In five slices from three
embryos, seven neurons were recorded and then labeled intra-
cellularly with biocytin. Two of these were later confirmed to be
human cells by immunohistochemistry for hNA. Both exhibited
characteristics indistinguishable from genuine neurons, includ-
ing the capacity to generate overshooting action potentials and
a nonlinear current–voltage relationship indicative of voltage-
sensitive conductances (Fig. 4).

hHSC-Derived Cells Receive Synaptic Connections. To assess the
presence of synaptic connections onto human cells, we examined
the expression of two presynaptic markers: synaptotagmin and
the inhibitory neurotransmitter GABA. GABA� and synapto-
tagmin� terminals abutted human cells in patterns indistin-
guishable from those observed for endogenous chicken neurons
(Fig. 5). The proportions of human cells with apposed synaptic
terminals were similar to that of human cells expressing MAP2
or NeuN (Table 1), suggesting that all human cells that differ-
entiate into neurons in the regenerated spinal cord are juxta-
posed by synaptic terminals. In support of the presence of
functional synapses, we observed spontaneous potentials in both
of the human cells from which we recorded. These had opposite
deflection in voltage and current clamp, as would be expected of
synaptic potentials (Fig. 4 D and E).

Discussion
There is now extensive evidence that hHSCs and other stem cells
from bone marrow can differentiate into cells of other tissues,
but the full differentiation potential is poorly understood (1–4,
10, 12, 13). Here we show that a substantial proportion of adult
human CD34� hHSCs that have integrated into the regenerat-
ing spinal cord of the chicken embryo differentiates into neu-
rons. To our knowledge, definitive neuronal differentiation by
hHSCs in vivo has not been described previously. We conclude
that there is a population of HSCs within human bone marrow
that has neurogenic potential and is capable of differentiating
into neurons when placed into an appropriate environment.

We observed no neuronal differentiation when hHSCs were
implanted next to the intact developing spinal cord, but hHSCs
entering a small cut in the spinal cord did express neuronal
markers. This suggests that it is not the embryonic environment
per se but rather the specific microenvironment of the regener-
ating embryonic neural tissue that promotes neuronal differen-
tiation by hHSCs. Regulative regeneration involves a controlled
proliferation and differentiation of host chicken stem and pro-
genitor cells into appropriate numbers and phenotypic arrange-
ments of neurons (22), so it is not entirely surprising that the
regenerative situation is particularly stimulatory for neuronal
differentiation.

Earlier studies of neuronal differentiation by HSCs have been
performed primarily in adult rodents, and most of these have
used rodent HSCs, although a few have used hHSCs (3, 10–13).
In these studies, HSCs were injected either intravenously or
stereotactically into the brain of the recipient. Virtually none of
these studies has assessed the proportion of injected HSCs that
actually populate neural tissue. Typically, the proportions of
HSCs that differentiate neuronal markers are very low, ranging
from 0.01% to 4% (30). In our experiments, the proportion was
much higher. It is therefore possible that the decisive difference
between our results and those of earlier studies is the fact that
the hHSCs are being exposed to an actively regenerating em-
bryonic tissue, in which molecular factors that regulate prolif-

Fig. 3. Neuronal morphology and expression of motoneuron-specific mark-
ers by human cells in the regenerated embryonic spinal cord. (A and B) Human
cells retrogradely labeled from the ventral funiculus [arrows; red, rhodamine
dextran amine (RDA); blue, hNA] are indistinguishable from spinal interneu-
rons. (C and D) Human cells retrogradely labeled from peripheral nerve
(arrows; red, RDA; green, hNA). (E) Colocalization of Islet-1 (red) and hNA
(green), demonstrated for one selected cell (at cross hairs) in side views of
confocal stack. A, B, and E are 0.5-�m optical sections, and C and D are confocal
stacks from 10-�m transverse sections, dorsal up. [Bars, 150 (A), 15 (B), 40 (C),
10 (D), and 40 (E) �m.]
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eration and differentiation are expected to be expressed in
profusion.

The CD34� hHSCs represent a heterogeneous population of
cells at many different stages of functional differentiation, from
pluripotent stem cells to lineage-restricted progenitor cells. Most
of the CD34� cells are progenitors for myeloid and lymphoid
lineages, but a subpopulation, defined by the expression of the
c-kit receptor and lack of expression of CD38 and hematopoietic
lineage markers, is considered to be composed of pluripotent
HSCs that can give rise to all hematopoietic lineages (31). At

Fig. 4. Electrophysiological properties of human neurons. (A) Transverse
section through spinal cord 10 days after implantation of human cells (red,
hNA), with one human cell labeled intracellularly with biocytin (green),
counterstained with Hoechst 33324 (blue). Diagram above shows placement
of the field shown within the cross-sectional area of the cord. (B) Optical
section through this neuron, showing colocalization of biocytin (green) and
hNA (red) in side views of confocal stack. B� is a slice of the single optical

Fig. 5. Morphological evidence of synaptic contacts onto human cells. (A)
Human cells (red, hNA) are decorated with GABA� synaptic terminals (green),
as are nearby chicken neurons (asterisks). (B) Human (green, hNA) and (C)
chicken neurons, retrogradely labeled from peripheral nerve (red, RDA),
decorated with synaptotagmin� terminals (blue). A–C are from 10-�m trans-
verse sections, dorsal up. B and C are 0.5-�m optical sections. [Bars, 20 �m (A)
and 10 �m (B and C).]

section, showing the red channel only, displaced to the left to emphasize that
the biocytin-labeled neuron expresses hNA. (C) Current steps (600 ms, incre-
menting � 20 from �120 pA) in current–clamp mode show that the human
cell is excitable, fires overshooting action potentials in response to depolar-
ization, and exhibits a voltage sag in response to hyperpolarizing pulses. I–V
curve shown to the right. (D and E) Spontaneous synaptic events observed at
resting membrane potential (�52 mV) in current– (D) and voltage–clamp (E)
mode. The cell had an input resistance of 375 megaohms and a membrane
time constant of 45 ms. [Bars, 100 �m (A); 60 �m (B); 10 mV, 60 pA, and 100 ms
(C); 5 mV (D); 50 pA (E); and 1 sec (D and E).
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some point during differentiation, these pluripotent HSCs be-
come committed to particular lineages and lose their capacity to
function as stem or progenitor cells. Several possibilities there-
fore exist for explaining the high degree of neuronal differen-
tiation we observe in the regenerating embryonic spinal cord. At
one extreme, we may be seeing 100% neuronal differentiation of
a highly potent subpopulation of the injected HSCs, for example,
the pluripotent subpopulation. At the other extreme, we may be
seeing a lower efficiency of neuronal differentiation by all of the
CD34� HSCs, perhaps limited by extant environmental factors
in the regenerating tissue. Whether our findings represent the
behavior of a subpopulation of hHSCs with a preprogrammed
propensity toward neuronal differentiation or a partial realiza-
tion of a neurogenic potential in all hHSCs remains to be seen.

Our data suggest that fusion with host chicken cells is not a
contributing factor to the neuronal differentiation of implanted
human cells. Were it to occur, the hybrid cells would have to lose
the expression of at least one chicken-specific marker and
probably substantial numbers of chromosomes (to maintain the
nuclear appearance of human cells). Moreover, the degree of
fusion would necessarily have to be very much higher than ever
observed without fusion-promoting manipulations. Cell fusion is
a normal differentiation pathway for several cell types, including
liver cells and skeletal and cardiac muscle cells. Nevertheless,

using various methods, different research groups have shown
that stem cells from the bone marrow either do not fuse with cells
from these and other tissues (16, 32) or fuse at very low
frequency (0.01–0.1%) (27, 28). In particular, a recent publica-
tion by Pochampally et al. (20) shows that rat bone marrow-
derived mesenchymal stem cells implanted into the somites of
chicken embryos do not fuse with chicken cells.

Our results suggest that hHSCs may have potential clinical
benefits beyond the arena of hematopoiesis. The possibility of
exposing hHSCs to an in vitro situation that mimics the key
molecular signals present during regulative regeneration could
provide a means of generating neurons for therapeutic purposes
using a patient’s own bone marrow as a source. In addition,
implantation into the regenerating spinal cord of the chicken
embryo under standardized conditions can now be used to test
and compare the in vivo neurogenic potential of a variety of
human and animal stem cells.
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