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Stem cell biology has provided constant alteration if not reversal of dogma related
to the understanding of the behaviors of primitive and dynamic cells. This review
summarizes recent findings on dynamic changes of phenotype that accompany the in
vitro growth and differentiation of not only stem and progenitor cells, but also differ-
entiated cells derived from a variety of normal and pathological tissues. As there are
examples of apparent dedifferentiation and transdifferentiation of neural cells that
appear to be terminally differentiated, there is a need to reconsider elements of cellular
fate choice that have relevance to neurooncology and neural repair. Recent findings of
dynamic behaviors and mixed phenotype of both normal and cancer stem cells suggest
that some of the diverse lineage attributes of different solid tumors may owe their
existence to dynamic cellular phenotypy gone awry.

Brain Pathol 2006;16:169–180.

INTRODUCTION

It has long been appreciated, as one
of the major tenets of cell biology, that
eukaryotic cells evolve from primitive pre-
cursor cells during embryogenesis and con-
tribute to tissue histogenesis via precise
rules for cellular proliferation, fate choice,
commitment, and differentiation. Recent
studies in the field of stem cell biology,
however, have begun to raise issues as to
whether or not it is possible for cells to
change their fate rather abruptly and dra-
matically, without oncogenic transforma-
tion and even when they may be in a state
of committed differentiation. As stem and
progenitor cells (“stem/progenitor” when
stemness or degree of stemness is uncertain
or questioned; the term “precursor” is even
more indifferent) have the profound ability
to undergo impressive phenotypic changes
during their course of differentiation from
a primitive precursor to a fully differenti-
ated tissue (somatic) cell, a concept of
dynamic cellular differentiation that could
contribute to “phenotypic fluidity” has not
been fully considered—until recently—
because intermediate forms of mammalian
neural cells now have been observed (38).
In fact, surprising new evidence suggests
that adult rodent and human neural

cells can be isolated from the brain and
observed to undergo forwards (58) and
backwards (38) differentiation programs
that even generate cells at certain times
during this differentiation cascade that
adopt the fate of both a neuron and an
astrocyte, or “asteron” (38).

Stem cell biology and regenerative med-
icine has evolved as a field over the last
decade; both the scientific and lay commu-
nities have great expectations of it for trans-
lating the fruits of this highly technological
research to biomedical applications, includ-
ing new therapeutics for most if perhaps
not all human diseases. As such, the rapid
advances in our understanding of very
potent cells in embryonic, fetal, and adult
tissues and organisms have also contributed
to numerous reversals of dogma as well as
contributions that have evoked a significant
amount of question and controversy. Stem
cell biology owes its origins to the pioneer-
ing work of the bone marrow hematopoiesis
field that embarked on elucidating the
importance of clonogenic precursor cells
which are vulnerable and at-risk to
environmental, eg, ionizing radiation (45)
insults that prior to the 1940s and 1950s
were not an issue for maintaining homeo-
stasis and survival of the human species.

EMBRYONIC, FETAL, AND ADULT STEM 
CELL BIOLOGY—A VERY BRIEF SYNOPSIS

Embryonic stem cells. Embryonic stem
(ES) cells, isolated from the inner cell mass
of blastocysts, present a profound potential
for combining cell and gene therapy to
eventually attack many if not all diseases
that impact the human condition. Advan-
tages of ES cells as a donor source include
their pluripotency, their potential for
virtually unlimited proliferation, their
amenability to genetic modification, and
the possibility to differentiate them into
homogeneous and in particular neural (eg,
12, 47) and nonneural cell populations.
ES cell-derived neural precursors (ESNPs)
have been efficiently derived from both
rodent and human ES cells (65); following
their intracerebral transplantation ESNPs
integrate widely throughout the central
nervous system (CNS) and differentiate
into neurons, astrocytes, and oligodendro-
cytes (13, 73). Many studies support the
notion that primary and immortalized
CNS stem cells as well as ES cell-derived
neural cells can contribute to behavioral
improvement when grafted into rodent
models of neurodegenerative disease or
traumatic CNS lesions (see 42 for review).
ES cells have been touted and generally
accepted to be the most plastic and potent
source of large numbers of precursor cells
for therapeutic transplantation, yet once
they have committed to a tissue type (eg,
Neural Restricted or Glial Restricted Pre-
cursors, NRPs and GRPs, eg, see 4, 57),
there is no evidence for their ability to
switch their fate choice; their phenotype is
therefore only dynamic until they choose
their final fate, at least as studied to date.
Nonetheless, their ability to generate cell
lineage diversity is their hallmark, and also
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the basis for their contribution to hyper-
plasia, ie, teratomas, that exhibit extremely
diverse cellular fate choices. These hyper-
plasias have been reported after ES cell
transplantation in rodent models of Par-
kinson’s Disease following their grafting
into the dopamine-depleted neostriatum
(6).

Fetal neural stem cells.  There are stem
and progenitor cells in fetal tissues that are
generally presumed to be more plastic than
their counterparts in adult tissues, and also
less potent than ES cells. Cord blood stem
cells are somewhat intermediary in their
nature and ability to differentiate into a
variety of tissues and potentially provide a
valuable source of replacement cells for tis-
sues at risk following injury or disease.
These cells may have potential to differen-
tiate into both hematopoietic and nonhe-
matopoietic cells and they “. . . may exist
in a continuum with continually and
reversibly changing phenotype. . . .” (52),
a notion that is particularly relevant to
“phenotypic fluidity” of stem/progenitor
cells in general to be discussed below. Fetal
neural stem cells have not been reported to
participate in rapid or unique phenotypic
transformations, and cord blood stem cells
are presumed to exhibit the same type of
differentiation potential and plasticity, cer-
tainly if not more, as that seen with adult
bone marrow-derived hematopoietic stem
cells (HSCs, see below). Recent reviews
by Lindvall and Bjorklund (42) and Reier
(53) discuss the application of fetal neural
stem cell biology to human transplantation
for Parkinson’s Disease and spinal cord
injury. In short, fetal human neural stem
cell trials have yielded positive safety and
to some degree proof of principle, but
more studies are needed both in animal
models and human diseases before we pro-
nounce these cells as valuable or insignifi-
cant therapeutic reagents. As nicely stated
by Lindvall and Bjorklund (42), regarding
human fetal neural stem cell shortcomings,
they suffer from, “. . . 1) lack of sufficient
amounts of tissue for transplantation in a
large number of patients, 2) variability of
functional outcome with some patients
showing major improvement and others
modest if any clinical benefit, and 3)
occurrence of troublesome dyskinesias in
a significant proportion of patients after
transplantation. . . .” Technological issues

surrounding the preparation and use of
fetal human neural cells in Parkinson’s and
spinal cord injury transplants are worthy
of more attention. With proper attention,
fetal stem/progenitor cells may be amena-
ble to coaxing into a variety of specified
and desired phenotypes that could survive
transplantation and contribute to circuitry
protection and replacement in neurological
disorders.

STEM/PROGENITOR CELLS FROM THE 
ADULT CNS

Stem/progenitor populations from the
postnatal and adult mammalian CNS have
been characterized using a variety of in
vitro protocols that expand, enrich, and
differentiate them, leading to a better
understanding of the nature of these cells
for eventual use in cell-replacement thera-
pies. The periventricular subventricular
zone (SVZ) and rostral migratory stream
(RMS) of the forebrain is a neuropoietic
niche that represents the vestigial embry-
onic germinal zone that builds the telen-
cephalon, and they display a high level of
constitutive proliferation with presumably
the greatest density of putative neural stem
cells in the adult brain. Work from our
laboratory (40; Figure 1) has shown that a
cell exhibiting characteristics of an astro-
cyte, from the developing brain until the
end of the second postnatal week, and
from the SVZ throughout life, is a multi-
potent stem cell (that we refer to as a mul-
tipotent astrocytic stem cell, “MASC”)
that in essence transdifferentiates into a
clonogenic cell in vitro which can give rise
to neuropsheres containing both glia and
neurons. The MASC has been lineage-
associated to a variety of progenitor cells
that owe their nature and behaviors to the
most primitive radial neuroepithelial pre-
cursor cells that generate the CNS during
embryonic histogenesis (62), and which
inhabit the entire neuraxis until the end of
the second postnatal week in the mouse.
The multipotent MASC persists through-
out life in the SVZ and other astrocytic
cells throughout the neuraxis may be ame-
nable to dedifferentiation in vitro, or pos-
sibly attempted dedifferentiation in vivo
following injury, disease, or proper exoge-
nous growth factor exposure. Figure 1E
shows dividing glial fibrillary acidic protein
(GFAP+) reactive astrocytes in the injured
cerebral cortex that may not only be

contributing to the astroglial scar, but also
attempting dedifferentiation to again
become multipotent (eg, upregulating nes-
tin and proliferating), but failing at this
despite exposure to significant levels of
blood-borne and CNS-derived growth fac-
tors following such penetrating injuries
and disruption of the vasculature (see 62
for review).

We have recently modified a monolayer
culture system similar to that described
by Song, Gage and collaborators (61) that
affords what appears to be a complete reca-
pitulation of SVZ neuropoiesis in vitro,
resulting in the generation of very large
numbers of neuroblasts rather rapidly from
a nestin+/A2B5+/GFAPlow/PSA-NCAM-
/Dlx2- primed or induced precursor cell;
functional GABAergic interneurons are
generated as produced in the SVZ–RMS
in vivo (58; Figure 2). These cells and
presumed MASCs are acquiescent to
extremely dynamic phenotypic alterations
(see section below, “Phenotypic Fluidity
and the Generation of Intermediate Cellu-
lar Forms in Normal Brain Cell Cultures”)
that can lead to very unique hybrid cell
types.

Findings that both adult mouse and
human neural stem/progenitor cells can
survive in tissue with rather protracted
post-mortem intervals (39, 51) suggests
that the cadaveric human brain is a valu-
able resource of such cells that could be
manipulated for therapeutic applications
in diseases. A complete understanding of
clonogenic, highly expandable stem/pro-
genitor cells from the adult brain could
lead to exploitation of the plasticity of
these cells, if they exhibit any of the repop-
ulation attributes of their embryonic coun-
terparts, for cell replacement protocols
for a variety of neurological disorders.
One could even propose that translating
insights from ES cell research to adult stem
cell biology could lead to greater control
and manipulation of these cells for desired
fate and differentiation leading to their
functional integration within compro-
mised adult CNS circuitries.

BONE MARROW-DERIVED NEURAL CELLS

In addition to neuropoietic adult stem/
progenitor sources in brain, the hemato-
poietic system should be another valuable
source of multipotent cells that might be
able to be coaxed into neuronal and glial
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differentiation. HSCs may retain their
pluripotent differentiation capacity
throughout our lifespan, and their homeo-
stasis is maintained by a consistent and
orderly regulated developmental cascade

and hierarchy. Bone marrow-derived HSCs
can differentiate through a series of multi-
potent and unipotent progenitor cells to
form all blood cell types, including lym-
phocytes, granulocytes, monocytes, eryth-

rocytes and megakaryocytes. The precise
signal transduction pathways that control
hematopoiesis are made up of several inter-
connected mechanisms, with one level of
regulation occurring at the transcriptional
control of hematopoiesis-specific gene
expression; a second mechanism involves
the interaction of hematopoietic growth
factors with particular cell-surface recep-
tors. Cell–cell and cell–substrate signaling
mediated by adhesion and extracellular
matrix (ECM) molecules (72) also plays an
important role in stem cell–stromal cell
interactions that regulate hematopoiesis.
The stromal cell and its role in both sup-
porting hematopoiesis and exhibiting mul-
tipotency (60) may be quite similar to the
MASC and the reactive astrocyte described
above, that express similar batteries of
ECM and can contribute to multipotency
and attempted neuropoiesis under particu-
lar growth conditions.

In vitro studies indicate that conditions
can be found that coax hematopoietic cells
into expressing certain neural characteris-
tics. For example, Sanchez-Ramos and
collaborators (56), and Black and
collaborators (69) showed that bone mar-
row stromal cells in culture express neural
markers of astrocytes and neurons when
exposed to particular growth conditions
and factors. It also has been shown that
bone marrow stromal cells injected into
the rodent brain, in pioneering studies by
the Prockop group, could adopt neural
fates as evidenced by their expression of
the intermediate filament protein of astro-
cytes, GFAP (3). We have also recently
reported (19) that bone marrow-derived
cells can express such neural antigens in
culture (Figure 3) even prior to the imple-
mentation of neutralization protocols.
Furthermore, as shown for these cells fol-
lowing grafting to the developing rodent
brain, where they appear to migrate on
radial glia to distribute within developing
telencephalic structures (48), when these
cells are grafted into the adult rodent brain
with access to the SVZ/RMS neurogenic
niche they do migrate and assume some
phenotypic characteristics of immature
neurons (19). There is a growing opinion
in the field that bone marrow and differ-
entiated cells can adopt morphologies of
cells from a variety of tissues, undergo
rapid shape changes under particular
growth conditions in vitro, and also express

Figure 1. Astrocyte cultures can give rise to neurons and neurospheres; an example of transdifferentiation
potential. Alkaline phosphatase (AP) enzyme histochemistry and immunocytochemistry of cells and neuro-
spheres derived from Gtv-a transgenic mouse astrocytes infected with RCAS–AP, showing cells expressing
both AP and neuronal phenotype markers [Gtv-a, a mouse strain that contains the tv-a gene encoding the
TVA receptor for avian leukosisvirus under control of the glial fibrillary acidic protein (GFAP) promoter, which
allows for the selective infection of GFAP-expressing astrocytes with the avian leukosisvirus (RCAS)]. A. P2
astrocyte monolayer after infection with the avian leukosisvirus expressing the AP reporter gene, show-
ing infected astrocytes (eg, arrow). Upper right inset shows AP histochemistry of the DF1 chicken
embryo fibroblast line engineered to produce the RCAS–AP leukosisvirus. Lower right inset shows a
single infected astrocyte with both AP histochemical labeling (blue-black punctae) and GFAP immun-
ofluorescence (green, FITC). Scale bars = 25 µm in (A), 30 µm in both insets. B. A neurosphere derived
from a Gtv-a astrocyte monolayer. AP histochemistry reveals cells of this neurosphere expressing the
RCAS–AP gene, thus indicating derivation of the clone from a single, infected astrocyte. Upper right
inset shows an example of a neuron derived from such a neurosphere, immunofluorescence for β-III
tubulin (green, FITC). Lower pair of insets show the same neurosphere expressing AP (left) and MAP2
(right), revealing numerous MAP2-positive processes emanating from an RCAS-infected neurosphere.
Scale bars = 100 µm in (B), 50 µm in the lower insets, and 40 µm in the upper inset. C and D. A single
RCAS–AP-infected neuron that has migrated away from its neurosphere and differentiated. Brightfield
labeling of AP reaction product (blue dots) in this neuron (C), colocalized with β-III tubulin immunoflu-
orescence (FITC green) shown in (D). Asterisk marks the nucleus of this cell in each figure. Scale bars in
(C) and (D) =10 µm. E. Following penetrating injuries to the adult brain, reactive astrocytes express GFAP
and take up tritiated thymidine that help constitute the glial scar and possibly indicate an attempt to
dedifferentiate and possibly become neurogenic. Reactive astrocytes are up to 20 µm in diameter. [A–
D from 40; copyright PNAS 2000, with permission.]



172 Cell Phenotype and Stem Cells—Steindler

© 2006 The Author
Journal Compilation © 2006 International Society of Neuropathology • Brain Pathology

phenotypic markers of neural and other
cell types (5, 22), but that this may not
constitute a true and complete “transdiffer-
entiation.” They potentially still retain
gene expression profiles associated with
their original ancestral (eg, mesodermal)
cell (5). Even within an ectopic tissue loca-
tion following grafting (19) or homing,
despite the strong induction of host tissue
phenotypy conferred upon them from
their new location, they still possess cellu-
lar phenotypic characteristics associated
with their original “home.” There are
examples, however, even following human
transplantation (see review of 18, below) of
what appears to be a complete transdiffer-
entiation of bone marrow-derived cells in

the human brain; this is a controversial
issue that still elicits strong debate and
even refutation (44, 67) despite applica-
tions of careful phenotypic criteria. Recent
insights into potential neural crest origins
of multipotent cells in presumed nonneu-
ral epithelium (66) suggest that it is impor-
tant to understand the embryology of the
cells and tissues in question before assign-
ing true transdifferentiation potential.

HETEROGENEITY OF STEM CELLS, EVEN 
IN THE SAME ADULT TISSUE, CAN LEAD TO 
CELL LINEAGE DIVERSITY

There are more studies beginning to
acknowledge the possibility that more than
one type of multipotent cell resides within

a single neurogenic niche (eg, the “B” and
“C” cells, 20). Certainly within bone mar-
row it has been assumed that the existence
of multipotential adult progenitor cells
(MAPCs) (33) and other multipotent cells
exemplify such heterogeneity. Current in
vitro models of neurogenesis suggest that
neurogenesis is driven by multipotent neu-
ral stem cells that can self-renew and pro-
gressively generate more developmentally
restricted but still multipotent progenitors
and ultimately more developmentally com-
mitted progeny. We previously tested the
hypothesis that a subset of parental cells
that are clonogenic in an in vitro system,
give rise to neurons and glia that could
be retrospectively subdivided into distinct
subsets of cells with different developmen-
tal commitment based on distinct molecu-
lar phenotypes of their clonal progeny
(63). This study revealed temporal and
sequential order in the expression of genes
involved in neural stem cell growth and
differentiation; a resulting model was gen-
erated to elucidate the molecular pheno-

Figure 2. Induction of neurogenesis in postnatal mouse astrocyte cultures shows a rapid phenotypic change
in a primitive astrocytic stem/progenitor cell such that it can give rise to large numbers of neuroblasts in 27 h.
A mitotically active, multipotent cell emerges transiently during early stages of in vitro neuropoiesis. A. Time-
lapse microscopy of growth factor-withdrawn subventricular zone (SVZ) cultures reveals a transient
period, characterized by rapid cell divisions, leading to the initial appearance of neuroblasts within 27 h.
B. BrdUrd applied at 48–72 h after the initiation of differentiation labels 95% of all generated neuro-
blasts. C. Clonal neurospheres were derived from cultured P8 and adult SVZ cells (left for morphological
comparison). Total numbers and relative frequencies (right) of neurospheres (NS) generated from
100 000 cells per condition increase significantly but transiently at 24 h after growth factor withdrawal
(WD) (*P < 0.01 for adult and P8 compared with non-WD and 4-d WD). D and E. Primary and secondary
P8 and adult (shown here) neurospheres yield neurons (D) and glia (E). Scale bars (in µm): A, 15; B, 60;
C, 200; D and E, 20. [From 58; copyright PNAS 2005, with permission.]

Figure 3. Bone marrow-derived cell (BMDC)
clones exhibit multipotency by generating prog-
eny of different lineages through symmetric and
asymmetric division. Inset in the top figure shows
a phase image of the starting BMDC population.
Both top and bottom panels show double immu-
nolabeling of BMDCs treated with dbcAMP (dibu-
tyryl cyclic AMP)/IBMX (isobutylmethylxanthine)
using antibodies against neuronal and astrocyte-
specific proteins. Glial fibrillary acidic protein
(GFAP) is green; βIII tubulin and NFM are red; blue
is DAPI counterstain. [From 18; copyright Stem
Cells 2005, with permission.]
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type of any clonogenic stem/progenitor
cell population, eg, those involved in
developmental and persistent neurogene-
sis. Findings of clonal heterogeneity from
single neurosphere expression profilings
(63) suggested that the size of a clone
might reflect the responsiveness to growth
factors and the proliferation/differentia-
tion status of the parental clone-forming
stem/progenitor cell; however, recent work
from Reynolds and collaborators (55) have
advised caution in inferring a state of stem-
ness based on insights from conventional
neurosphere versus colony-forming-assay
approaches. Regionally distinct CNS stem/
progenitor cells may also contribute to het-
erogeneity, with multipotent cells present
in even mature areas of the CNS, support-
ing a notion of a variety of clonogenic cells
that possess distinct developmental and
environmental histories.

The data we presented in our neuro-
sphere gene expression and temporal
profiling study (63) revealed that clonal
neurospheres derived from the human
brain, which were initially arranged within
a panel according to their size (from small
to large), did display different combina-
tions of transcripts that overall contributed
to distinct molecular phenotypy, and
reflecting distinct developmental potential
of clone-forming cells from the developing
and adult human brain. Heterogeneity of
stem and progenitor cells in the neurogenic
SVZ and hippocampus is certainly a rea-
sonable possibility, even though we do not
know if it is true heterogeneity or variance
in state of proliferative potential or differ-
entiation related to what state (eg, cell
cycle) the isolated clonogenic cells were in
when subjected to proliferative or differen-
tiating culture conditions. All evidence
points to the existence of different types of
stem and progenitor cells in both the devel-
oping and adult brain, and they seem to be
amenable to changes in growth conditions
that generate lineage diversity of their
progeny. This could also lead to lineage
diversity following oncogenic transforma-
tion that ultimately generates the varieties
of cell types found in tumors, including
those seen in gliomas (see below).

Growth conditions may also be able to
induce unexpected events of a terminally
differentiated cell in culture. Growing
embryonic and adult rodent neural cells in
Neurobasal/B27 medium with FGF-2

yielded large numbers of cells with neu-
ronal characteristics, including neuro-
filament, tau, and MAP2 expressions,
glutamatergic transmitter phenotype, and
the ability to generate action potentials;
apparently differentiated neurons were also
shown to be able to take up BrdU and
divide after 3 days in culture (10). The
appearance of nestin expression in these
cells under these culture conditions sug-
gested the possibility of dedifferentiation
to a precursor state that could possibly be
exploited to regenerate significant numbers
of neurons from cells with terminally dif-
ferentiated phenotypy. Dedifferentiation
has been described for ES cells giving
rise to primordial germ cells in culture.
As described by Hubner and colleagues,
“. . . Cultured embryonic stem cells are
generally considered pluripotent rather
than totipotent because of the failure to
detect germline cells under differentiating
conditions . . . mouse embryonic stem
cells in culture can develop into oogonia
that enter meiosis, recruit adjacent cells
to form follicle-like structures, and later
develop into blastocysts (31).” It is inter-
esting to consider that ES cell generation
of oocytes and sperm (34) represents a
recapitulation of embryonic development
in vitro that has attributes of both differ-
entiation and dedifferentiation of germ
cells, depending on perspective and devel-
opmental biology that hitherto was
assumed to have cellular differentiation
proceed in primarily one direction.

AMBIGUOUS PHENOTYPY IN THE 
“TRANSDIFFERENTIATION” OF 
MESENCHYMAL CELLS TO NEURAL 
PROGENITOR CELLS—CELLULAR FUSION 
VERSUS PLASTICITY

A large number of papers have appeared
over the last several years touting an ability
of stem/progenitor cells from bone marrow
to differentiate from one germ layer to
another, eg, mesoderm to ectoderm, with
the apparent differentiation of mesenchy-
mal stem cells into glial and neuronal lin-
eages as reviewed above. A very recent
study from the Gage group has even pre-
sented compelling evidence that neural
stem cells can give rise to endothelial cells
and vascular outgrowths in the brain (70).
This is in keeping with ectoderm and
mesoderm fate switching from stem/pro-
genitor cells in bone marrow and muscle

(7, 25, 28). Cell fusion-independent hom-
ing of a putative hemangioblast from bone
marrow to retinal neovascular beds in an
animal model of diabetic retinopathy
shows the potential clinical significance
of stem cell transdifferentiation, where
attempted wound healing and tissue regen-
eration under control of the potent SDF-
1/CXCR 4 cytokine axis (14) can lead to
novel forms of tissue growth. Insights
gained from studying stem cell behaviors
and biogenic factors that control their
homing, proliferation, migration, fate
choice and differentiation should be
applied to new therapeutic protocols that
manipulate these behaviors and factors.

Looking at post-mortem brain speci-
mens containing the hippocampus from
female patients receiving bone marrow
transplants from male siblings, we found
significant numbers of beta III tubulin/
neurofilament+ neurons with XY FISH+
chromosome labeling in the hippocampus
of the longest surviving transplant patients,
suggesting transdifferentiation of bone
marrow-derived cells into neurons without
evidence of cell fusion (aneuploidy) (18;
Figure 4). We do know that neural cells are
capable of fusing in culture (16; Figure 4)
suggesting that we must be cautious in pro-
nouncing cellular plasticity and transdiffer-
entiation with a need for proper tissue and
cell ploidy and phenotypic analyses. As
recently reviewed (62), findings regarding
the transdifferentiation potential of stem
cells from different tissues, including
blood-to-brain, require extensive attention
not only to differentiation potential and
fate control, but also to the ways in which
we assess a cell’s so-called conversion. The
potential but not propensity of primitive,
undifferentiated cells to fuse with other
more differentiated cells has now been seen
and addressed in numerous in vitro and in
vivo studies (2, 64, 68, 71). It is necessary
to monitor the ploidy of all putatively
transdifferentiated, dedifferentiated, or
incorporated (following transplantation)
cells. Studies by Brazelton et al (9) showed
the expression of neuronal markers follow-
ing repopulation attempts of bone mar-
row-derived HSCs in the brain, but their
morphology did not easily conform to that
of differentiated neurons in spite of their
expression of so-called mature neuronal
immunomarkers. Electrophysiological pro-
filing of a differentiated and integrated
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new “neuron” helps the cause, but there is
also the existence of ambiguous somato-
dendritic morphologies in cultured blood-
to-brain cell examples. Even though the
study of Cogle et al (18) supports an
apparent uncanny potential of bone
marrow-derived cells in humans to con-

tribute to mature neuronal and glial cells
in the brains of human patients undergo-
ing transplantation for cancer, the nature
of this homing, fate switch, and apparent
terminal transdifferentiation must be stud-
ied in more detail with an eye toward
resolving the “rare event” issue raised by

Wagers et al (67) versus what normal or
abnormal (eg, radiation and chemotherapy
that compromised the blood brain barrier
as well as potentially CNS circuitry) phys-
iological conditions beckoned these cells
from bone marrow to brain and allowed
them to apparently integrate within estab-
lished CNS circuitries; this certainly has a
tremendous amount of significance toward
the understanding and development of
autologous repair approaches for many
debilitating diseases. Specialized growth
conditions in vitro that could be recreated
in vivo following disease- and treatment-
related insults might yield conversion of a
cell’s phenotypic attributes to exhibit trans-
differentiated, eg, neuronal or glial pheno-
type. Growth factors, growth constraint
conditions and unusual cell–cell interac-
tions might also lead a cell to express
ectopic antigens, thus any cell may look
like any other cell in vitro, but it may not
have completed a normal differentiation

Figure 4. Transdifferentiation potential, without
cell fusion, of human bone marrow-derived cells
following transplantation in human leukemia
patients; example of limited cell fusion potential
in mouse neural stem/progenitor cell cultures.
Top figure: Multilineage CNS engraftment in
human bone marrow hematopoeitic stem cell
(HSC) transplant patients. Representative micro-
graphs of hippocampus from female recipients of
HSC transplants from sibling male donors. Cells
were stained for Y-chromosome (green), X-
chromosome (red), nuclei (DAPI, blue), and differ-
entiation markers (DAB, brown) for neurons
(panel A, anti-ß-III tubulin, ×160 magnification;
panel B, antineurofilament, ×100 magnification),
microglia (panel C, anti-CD45, ×100 magnifica-
tion), and astrocytes [panel D, anti-glial fibrillary
acidic protein (GFAP), ×100 magnification]. No cell
fusion is observed in these engrafted hippocam-
pal cells, revealed by normal diploid XY chromo-
somal staining patterns. [From 18; copyright
Lancet, 2002, with permission.] Bottom figure:
Astrocyte monolayers from mouse, however, do
reveal evidence of stem/progenitor cell fusion, as
also seen following induction of neurospheres in
these cultures. These cultures contain cells with
polyploid sex chromosomes. In (A), an astrocyte
monolayer derived from the subventricular zone
(SVZ) shown to consist mostly of cells immunop-
ositive for GFAP (green). In (B), chromosome
painting specific for the mouse X-chromosome
(green) and Y-chromosome (red) reveals cells with
abnormal chromosome counts (arrows) within
the astrocyte monolayer culture. In (C), this high
magnification photomicrograph shows a group of
cells immunopositive for GFAP (green) before
chromosome painting. In (D), the same group of
cells as seen in (C) are shown after chromosome
painting. Asterisks indicate corresponding cell
that is immunolabeled for GFAP (C) and contains
three sex chromosomes (D). [From 16; copyright
Exp Neurol 2006, with permission.]
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program for that cell, hence falling
somewhere in-between on a cellular differ-
entiation continuum. Placing cells in
neutralizing conditions, such as in vivo
transplantation into neuropoietic brain
marrow (62, 74, 75), may lead to a more
favorable environment in which to coax
cells into completing ectopic differentia-
tion programs. Recent studies by Weiss-
man and collaborators (67) relied solely on
systemic introductions of nonneural (eg,
bone marrow-derived hematopoeitic pre-
cursors) cells into stem cell-depleted mice,
some of which had brain injuries that
should have been able to induce neural
repopulation events if, in fact, transdiffer-
entiation of blood cells to brain is possible.
The results were unimpressive, and did not
meet a standard exhibited by, eg, Verfaillie’s
adult mesenchymal stem cells that not only
appear to transdifferentiate, but also con-
tribute to an impressive whole animal chi-
merism following their introduction into
blastocyts (33). The most stringent test of
stemness is the ability of a single cell to
repopulate following a serial transplanta-
tion paradigm (28, 35, 62).

PHENOTYPIC FLUIDITY AND THE 
GENERATION OF INTERMEDIATE 
CELLULAR FORMS IN NORMAL BRAIN 
CELL CULTURES

In a recent study, we analyzed the fate
of cells derived from differentiating pri-
mary neurospheres and showed that unam-
biguously identified neurons can undergo
a phenotypic shift into cells with astrocyte
characteristics by transitioning through
an “asteron” (neuron/astrocyte hybrid)
morphotype. Asterons are an apparent
transient population under our culture
conditions of growing stem/progenitor
cells in unique monolayers derived from
the SVZ or postnatal cerebellum. They
coexpress a variety of neuron and astrocyte
proteins and genes (Figure 5), exhibit
membrane biophysical and physiological
properties that appear to combine proper-
ties of neurons and astrocytes, and do not
result from neuron/astrocyte fusion (38;
see 16, and Figure 5 to show that astrocytes
can be involved in stem cell fusion in vitro,
as “rare events,” but not in the case of
asteron generation). Under particular cul-
ture conditions neurons can alter their
phenotype to assume characteristics associ-
ated with astrocytes. This transition seems

Figure 5. Examples of phenotypic fluidity in normal postnatal mouse astrocyte monolayer and neurosphere
cultures, and in hybrid cells from adult human brain gliomas. Time-dependent neuron/astrocyte hybrids in
differentiating cerebellar spheres. A, and inset. Thirty-six hours after attachment, spheres consist of
separate populations of neurons (labeled for β-III tubulin, red) and astrocytes [labeled for glial fibrillary
acidic protein (GFAP), green]. B. Three days after attachment many yellow cells are seen which coexpress
β-III tubulin (red) and GFAP (green); inset in (B) caspase 3 immunolabeling (green) within a differentiat-
ing sphere at 72 h after attachment shows the fragmented nucleus of an apoptotic cell. Such labeling
was rare, and most nuclei remained intact for extended in vitro periods. C and D. Higher magnification
of neuron/astrocyte hybrids at 1 week post attachment show some cells expressing β-III tubulin (red)
and GFAP (green). Notice the hybrid morphology of thin, finely branched processes combined with
stellate somata. Arrow in (D) indicates a coexpressing cell with two nuclei. E and F. β-III tubulin and GFAP
labeling reveals neuronal (red), astrocytic (green) and hybrid (yellow) phenotypes in adjacent cells. Inset
in (E) is a high magnification of a cell with astrocytic morphology, showing β-III tubulin (red) and GFAP
(green) labeling of separate intracellular elements. Inset in (F) is a confocal micrograph of a single hybrid
cell immunolabeled for β-III tubulin (red) and GFAP (green) showing colocalization of these markers. G
and H. Glioblastoma contain cells that under our culture conditions give rise to βIII tubulin+ neuron-like
cells (FITC), and cells that express the astroglial marker GFAP (blue, AMCA). In (G) there is a cell that is
not labeled for GFAP, but is immunopositive for β-III tubulin. Conversely, there are cells that are immu-
nolabeled for GFAP, but immunonegative for β-III tubulin, and a cell that is labeled with both immu-
nomarkers (a so-called “asteron”). Scale bars are 10 µm (G and H) and 100 µm (A–E). [From 38; copyright
J Comp Neurol 2005, and 32; copyright Glia, 2002, with permission]



176 Cell Phenotype and Stem Cells—Steindler

© 2006 The Author
Journal Compilation © 2006 International Society of Neuropathology • Brain Pathology

to result from transdifferentiation because
even though asterons can take up BrdU,
their proliferative and differentiation
behaviors in asteron cultures does not sup-
port the notion of cell division or cell death
involved in the appearance of mixed phe-
notype under our in vitro conditions (38).
This is also supported by recent reports
describing the in vitro presence of astro-
cyte/oligodendrocyte “hybrids” (46), as
well as neurons with some astrocyte char-
acteristics in cultured cerebellar dissociates
(50).

The appearance of asterons in our
monolayer culture system and the retrieval
of floating neurospheres for multipotency
and neural cell differentiation analysis led
to the discovery of novel cellular states dur-
ing the differentiation of neural stem/pro-
genitor cells, whereby attributes of both
neuronal and astroglial phenotype could be
present in the same cell. Thus, such “phe-
notypic fluidity” appears to be a tissue cul-
ture-generated phenomenon, characterized
using a variety of molecular and physiolog-
ical approaches, and support a notion that,
not only do astrocyte-like stem cells have
the ability to generate neurons (21, 40),
but newly-generated neurons can assume
or revert to an astrocytic phenotype most
likely as a default under the influence
of stressful, eg, in vitro conditions that
may not present the required neuron-
supporting growth factor environment.
Even if this is some type of “tissue culture
artifact,” it might be a useful one because
the transformation does occur in our cul-
ture studies and suggests a cell’s ability to
dramatically alter its phenotype. Exploit-
ing dedifferentiation and transdifferentia-
tion potential of committed neural cells
provides insights into the nature of stem,
progenitor, and differentiated cellular plas-
ticity, and ultimately may lead to new cel-
lular therapeutic approaches. The apparent
resiliency of glial cells derived from stem
cells in neural grafting studies might also
be explained by a posttransplantation tran-
sition of neurons into astrocytes. Neuron
to astrocyte neuron-to-astrocyte, in addi-
tion to astrocyte to neuron astrocyte-to-
neuron (21, 26, 40) transdifferentiation
could have significant ramifications toward
understanding neural fate choice decisions,
and a new thinking regarding the propen-
sity for glial cell “survival” seen in neural
grafting studies (15). The bidirectional

differentiation potential of neural stem/
progenitor cells also speaks to a continuum
of cell fate potential of a very complex cell
type, a brain cell, where all stops and
checkpoints in a differentiation cascade
now seem amenable to manipulation. Such
a challenge of dogma may also provide
insights into so-called transformation of
primitive cells in cancers that lead to
unique cellular phenotypy as well as com-
plex cell lineage diversity as seen in solid
tumors including gliomas (see below).

CELLULAR PLASTICITY AND DIVERSITY 
FOLLOWING ONCOGENIC 
TRANSFORMATION

As recent studies have shown that mes-
enchymal (33) as well as epithelial stem/
progenitor cells can contribute to many
aspects of embryogenesis including the
generation of tissues and embryos, such
cellular plasticity must also be considered
in light of oncogenic transformation. Like-
wise, recent work from the Curran group
showing that cancer stem/progenitor cells
from medulloblastoma can also be used to
generate viable embryos (41) adds credence
to a notion of plasticity that persists fol-
lowing oncogenic transformation, which
might be controllable for novel cell and
chemotherapeutic approaches for cancers.

The cancer stem cell hypothesis has now
been addressed and re-addressed, since
Bonnet and Dick (8) and the position
paper by Reya et al (54). Several groups
have now shown that a variety of solid
tumors possess cells with stem cell-like
activity. Gliomas were first shown by our
group to contain a stem-like cell popula-
tion within cortical glioblastomas and
anaplastic astrocytomas (32), and the
Kornblum, Vescovi and Dirks groups (24,
29, 59) also showed that pediatric and
adult brain tumors contain clonogenic cells
that can reconstitute the tumor both in
vitro and in vivo in rodent transplants. Our
recent studies have looked at osteo- and
chondrosarcomas that also contain clono-
genic cells which form “sarcospheres” in
semisolid media (27). Bone sarcomas are
part of a group of mesenchymal malignan-
cies that exhibit clinical, cell, molecular,
and histological heterogeneity. Stem-like
cells also have been implicated in the
pathogenesis of leukemia, breast and other
tumors, and it is now worth considering
that the cancer stem cell theory is sup-

ported by the existence of a small subpop-
ulation of cells within solid tumors that
have the ability, as do normal stem cells,
to self-renew (1). Tumor-initiating cancer
stem-like cells would have to divide asym-
metrically, produce an identical copy of
themselves and more differentiated daugh-
ter cells that go on to generate the majority
of the tumor bulk. Such rare stem-like cells
could initiate and maintain the growth of
the tumor as well as potential local and
distant recurrence in bone sarcoma, glioma
and other types of cancers.

Our recent study of bone sarcoma stem-
like cells (27; Figure 6) included a hypoth-
esis that the heterogeneity and the relative
resistance to chemotherapy of these tumors
might be associated with the presence of
tumor stem-like cells as observed in our
glioma studies, in which we observed
clonogenic sphere-forming cells under
particular in vitro growth conditions.
The osteosarcoma- and chondrosarcoma-
initiating cells appear to have “dedifferen-
tiated” to a level in vitro and possibly in
vivo where they express genes normally
only associated with ES cells—Oct3/4 and
Nanog. Our culture conditions (32, 36,
37) pose a unique set of stressful growth
conditions that either dedifferentiate cells
or induce a selection for the most primitive
clonogenic cells; the most differentiated
cells that are unable to survive serum and
anchorage withdrawal presumably die
under these conditions. Dissociated nor-
mal and cancerous tissue in suspension,
using semisolid media without serum, thus
selects for primitive clonogenic cells that
are then able to be expanded and give rise
to different classes of cells, suggesting a
stem/progenitor cell population within the
primary dissociate and thus the tumor itself
(32, 36). In these studies of glioblastoma
and anaplastic astrocytoma, clonogenic
cells from gliomas that manifested some
degree of stemness in culture were shown
to be neural cancer stem-like cells based on
the expression of phenotypic markers of
neuronal and astroglial differentiation (and
see Figure 5). Cell surface marker expres-
sion, fluorescence-activated cell sorting
(FACS) isolation and cloning, and reestab-
lishment of tumorigenicity following xeno-
grafting was also described for both adult
and pediatric brain tumors (24, 29, 59).
Even with a prospective in addition to a
retrospective identification of tumor stem
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Figure 6. Examples of transformed cellular transdifferentiation potential
from human bone tumors. Mesenchymal lineage and differentiation. A.
Demonstration in osteosarcoma (OS 99-1) and chondrosarcoma (CS 828)
cells of a subpopulation of Stro-1 positive cells. Activation of osteogenic
and adipogenic programs of differentiation in bone sarcoma cultures
grown in specific differentiation media. Osteogenic lineage is indicated
by expression of alkaline phosphatase and adipogenic by accumulation
of lipid vacuoles stained with Oil-red-O. B. Preservation of multiple osteo/
chondral mesenchymal lineage markers (Runx2, Runx3, alkaline phos-
phatase, osteocalcin, and bone-sialo protein in both sarcospheres and
adherent cultures demonstrated by RT-PCR. C. Western blot analysis of
lysates from representative bone sarcoma cell cultures for the protein
expression of Oct 3/4, STAT3, and activated (phosphorylated, p) STAT3. β-
Actin was used as a positive control for loading, membrane transfer, and
immunoblotting (all cultures showed positive staining of protein bands
of appropriate sizes, as indicated). The inset between (B) and (C) shows
floating, attached sarcospheres, and following attachment their immun-
ostaining for the pluripotency-associated markers Oct3/4 and Nanog.
[From 27; copyright Neoplasia 2005, with permission.]

cells using such isolation and culture
enrichment approaches and potential
biomarker applications, genetic and molec-
ular mechanisms underlying and control-
ling their self-renewal and differentiation
are still unfortunately poorly understood.

As primitive neuroectodermal tumors,
such as medulloblastoma, can be coaxed
into a unique differentiation cascade that
ultimately leads to the apparent generation
of a viable embryo (41), it seems reason-
able to assume that cancer stem cells in
vitro should also be able to transdifferenti-
ate and give rise to “normal” and heterol-
ogous cells and tissue types. Figure 6 is
from our recent study of chondrosarcoma
and osteosarcoma stem-like cells (27)
showing the ability to coax these cells into
potentially normal bone and fat cells that
possess all of the appropriate molecular
markers of these tissues. Such a finding also
provides a significant application of trans-
differentiation principles to future treat-
ments of mesenchymal stem cell-derived
tumors that exploits cellular rehabilitation
in addition to chemotherapeutic cancer
cell destruction.

CONCLUSIONS

In order to apply knowledge gained
from differentiation, dedifferentiation and
transdifferentiation of clonogenic stem/
progenitor cells in culture to regenerative
medicine, eg, restorative neuroscience, it
seems necessary that we understand how to
manipulate and insinuate new cells in the
established and compromised circuitries
within normal and diseased CNS. Brain
reorganization following injury or disease
may actually include “reactive” neurogene-
sis, because we have shown that a type of
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astrocytic cell, the MASC (40)—the same
cell Alvarez-Buylla and colleagues catego-
rized as the “B” cell (21)—is the neuro-
genic cell during development (58) that
may also attempt to dedifferentiate follow-
ing CNS injury (62). The astroglial scar
and its cadre of ECM-expressing astrocytic
cells may actually represent an attempt by
reactive astrocytes to become neurogenic
again to replace lost neurons, rather than
just create a neurite-growth inhibitory
environment as mostly believed by the
neuroregeneration field (for review, see 11,
23). It is postulated that MASCs and
ESNPs have many attributes in common
with neurogenic radial neuroepithelial cells
(49) found throughout the neuraxis during
CNS development. MASCs constitute a
unique neurogenic niche in the adult
CNS, but injuries and disease may induce
what appear to be fully differentiated astro-
cytes to assume a neurogenic role whereby
they upregulate their expressions of devel-
opmentally regulated proteins and attempt
to recapitulate neurogenic programs. Neu-
rogenic astrocyte-like cells change their
biochemistry throughout the neuraxis at
the end of the second postnatal week in
mice, and then assume a more differenti-
ated phenotype where their activities are
associated with standard operating proce-
dures of a normal CNS. In vitro conditions
can be created that restore neurogenic pro-
grams of these cells; and a goal of future
studies is to resolve the precise molecular
cascades responsible for lifelong plasticity
of CNS cells. Unlocking multipotency of
apparently differentiated mammalian CNS
astrocytic cells, and further revealing their
“phenotypic fluidity” (38), should contrib-
ute important information to the arsenal
of known and unknown molecular mes-
sengers that could eventually direct reactive
neurogenesis for lifelong neural repair.

As stem/progenitor and even differenti-
ated cells seem to be able to change their
nature rather abruptly and quickly in cul-
ture, there must be molecular interactions
that can be tapped to guide dynamic alter-
ations in phenotype for controlled fate
choice and differentiation leading to
desired cellular regeneration following cell
loss that accompanies injury and disease.
Likewise, tapping such controlled differen-
tiation can have ramifications toward
manipulating out of control growth of
aberrant cell populations that is a hallmark

of tumorigenesis. Recent reports have indi-
cated that posttranscriptional regulators,
including microRNAs (17) as well as the
induction of neurogenic transcription
factors (eg, NeuroD; 30) affect cell type-
specific gene expression, stem cell renewal,
fate choice decisions and differentiation
of neural precursors. Such genetic and
epigenetic events are certainly involved in
the rapid changes that occur in culture,
whereby cells appear to be able to change
their fate within surprisingly short periods
of time, with apparent trans- and dediffer-
entiation potential that does support a
notion of phenotypic fluidity. Within a
continuum of cellular differentiation from
the most primitive cells, eg, ES and germ
cells, the most differentiated cells being ter-
minally differentiated neurons or glia, the
examples of unusual phenotypy reviewed
here suggest we have yet to understand
how cells decide to expand, choose their
fate, or differentiate. As pointed out by
Doetsch and colleagues in a recent review
of roles for microRNAs in stem cell biol-
ogy, “. . . The intrinsic state of stem cells
depends on their spatial and temporal his-
tory and affects their responsiveness to
extrinsic signals from the microenviron-
ment. Stem cell self-renewal and differen-
tiation along neuronal and glial lineages are
defined by the dynamic interplay between
transcription, epigenetic control, and post-
transcriptional regulators . . .” (17). This
dynamic interplay may underlie some
of the unexpected dedifferentiation and
transdifferentiation events of astrocytes
and neurons under particular culture
conditions that may mimic aspects of the
molecular milieu of developing tissue envi-
ronments during embryonic and fetal
development, as well as during adult neu-
ropoiesis. There is still a lack of evidence
for the existence of intermediate pheno-
types such as asterons in vivo, but we can-
not rule them out. They have been
observed in solid tumor specimens where
glioma cells express neuronal markers
including beta III tubulin (43) that may
relate to their dynamic organization of the
microtubule cytoskeleton associated with
cancer and cancer cells in vitro, where
again asterons have been observed (32;
Figure 5). It is hoped that an understand-
ing of unusual cellular phenotypy, includ-
ing the generation of intermediate and
hybrid cellular forms, will increase our

understanding of stem, progenitor, and
differentiated cell plasticity that could be
translated to regenerative medicine and
new therapies for human diseases.
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