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REVIEW

Plasticity of the Central Nervous System and Formation
of “Auxiliary Niches” After Stem Cell Grafting: An Essay

Vaclav Ourednik and Jitka Ourednik

Department of Biomedical Sciences, Iowa State University, Ames, IA 50011, USA

It is hoped that stem cell biology will play a major role in the treatment of a number of so far incurable
diseases via transplantation therapy. Today, we know that neural stem cell grafts not only represent a valu-
able source of missing cells and molecules for the host nervous system, but they also bring with them
biological principles and processes assuring tissue plasticity and homeostasis found in early development
and in postnatal neurogenic areas. In this review, we discuss the potential of grafted neural stem/progenitor
cells to induce plasticity in the adult diseased brain by mimicking the cellular and molecular processes
governing the biology of endogenous stem cell niches. If confirmed, such anlagen of “auxiliary niches”
could help us to optimize intercellular communication in donor cell-initiated networks of graft—host interac-
tions and to “rejuvenate” the adult nervous system in its response to disease and injury.
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INTRODUCTION

Around the turn of the new millennium, several find-
ings in biomedical research helped to shake off the skep-
ticism of previous scientific generations concerning
reparative possibilities for the damaged postnatal mam-
malian central nervous system (CNS). In this review, we
focus on one of such key findings and its ultimate usage
in CNS repair. A population of dividing, self-renewing,
and multipotential cells crucial for CNS development
and an important and unique basis for CNS plasticity
(the ability to activate cellular and molecular regenera-
tive processes) in adulthood can be found in remarkable,
specialized regions of the CNS, the stem cell or neuro-
genic niches. Here, the neural stem cells (NSCs) and
their early progeny—collectively called the neural stem/
progenitor cells (NSPs) in this article—enter into a still
not fully understood structural and functional relation-
ship with other cells such as astrocytes, endothelial, and
ependymal cells. It appears that the presence and the
density of stem cell niches would dictate the degree of
the CNS plasticity. This becomes especially apparent
during CNS maturation and towards adulthood and

aging of an individual, when the relative volume of neu-
ral stem cell niches progressively decreases and thus also
CNS plasticity (Fig. 1).

The great regenerative capacity of the CNS during
fetal and early stages of ontogeny inspired neuroscien-
tists to employ immature neural tissue—first primary fe-
tal tissue/cells and later purified primary or in vitro ex-
panded NSPs—for grafting into damaged CNS. The
original intention was to use the multipotential character
of the transplants to achieve “cell replacement” (21,63).
Later, we and others [see (49) for review and other re-
lated citations] promoted the notion that neural grafts
have also other important characteristics, namely, the ca-
pacity to induce regenerative, homeostasis reestablishing
processes in the host and rescue/protect neural cells that
are injured or in potential danger of an insult.

The mechanisms driving graft-related processes ben-
eficial for regeneration are yet to be fully understood.
We know, however, that they are based on a complex
cascade of direct and indirect interactions between vari-
ous types of host and donor cells. Here, we discuss the
possibility that implantation of NSPs can lead to a “reju-
venation” of the injured host CNS by allowing the for-
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mation of a plasticity-increasing, stem cell niche-like
environment in which a network of donor and host ele-
ments serves as source of cells and factors allowing the
return to homeostasis not unlike that which occurs dur-
ing fetal and early postnatal ontogeny. To illustrate this
idea, we adduce some pilot experimental data in favor
of this proposition using the rescue/protection paradigm
in NSP transplantation.

NEURAL STEM CELL NICHES
IN THE ADULT CNS

NSCs are uncommitted “seed” cells in the CNS that
are able to mature into all specialized CNS cell types,
each provided with new and often unique characteristics.
When NSCs divide, the daughter cells have the potential
to either remain self-renewing stem cells or to leave the
cell cycle and become progressively more and more re-
stricted progenitors, ultimately turning into full-blown
mature neurons or glial cells. Stem cells remain uncom-
mitted as long as they don’t receive the appropriate sig-
nals to develop into specialized cells.

Early during intrauterine life, germinative regions
harboring NSCs represent a relatively large part of the
developing CNS but diminish progressively during CNS
ontogeny (Fig. 1). Although neurogenic turnover contin-
ues to occur in the adult mammalian CNS (11,55,68), it
does so mainly in a few restricted neurogenic niches,
the main ones being the subventricular zone (SVZ) of
the forebrain (31,34,40) and the subgranular zone (SGZ)
of the dentate gyrus in the hippocampus (22,51), both
considered to be able to generate new functional neu-
rons. While neurogenesis is thus limited almost exclu-
sively to these neurogenic niches, glial cells can, inter-
estingly, also form in other regions of the adult
parenchyma. Nevertheless, the participation of these
adult NSCs in brain repair, although reported, is very
limited (6,35,42,44). Although neuronal death caused by
cerebral ischemia or epileptic seizures does increase the
numbers of neuroblasts in the niches, the majority never
differentiates into mature, properly integrated, and long-
term functional neurons.

The reason for the restriction of neurogenic NSPs to
just a few specialized areas is still unclear, but may rep-
resent in part a physiological mechanism preventing an
exuberant plasticity of specific neuronal connections in-
volved in the preservation of memory tracks and experi-
ence-based shaping of cognitive, higher order brain
functions. A controlled augmentation of the numbers of
newly forming progenitors by growth factor infusion
and genetic engineering (10,45) and increasing their ca-
pability to invade and populate the degenerating areas
(possibly by creating specialized microenvironment by
bridging NSP grafts, see below) would thus represent an
important step forward in therapeutic designs.

Both the SVZ and the SGZ have been described in
great detail (18,67) and four types of cells appear to play
important roles in a stem cell niche: immature precur-
sors, neuroblasts, astrocytes, and ependymal cells [see
(16) for review]. The origin of undifferentiated NSCs
and more advanced progenitors within these regions is
still being debated and could be either astrocytes (17,
28), ependymal cells (27), or subependymal cells (14,
41). Nevertheless, irrespective of the identity of the “pri-
mordial” stem cell type, it is obvious that NSP genesis
and fate in the niches are commanded by highly specific
intercellular signaling and signals from the surrounding
extracellular matrix (ECM). Both of them instruct NSCs
to either continue in their own cellular turnover or divide
asymmetrically to generate lineage-restricted progeni-
tors to replace specific neural cell types in the paren-
chyma.

NSC GRAFTING INTO DEVELOPING CNS

An analogy to the above-mentioned “sequestration”
of endogenous NSCs to specialized niche areas may be
found in the segregation of NSCs grafted into the devel-
oping or functionally compromised postnatal CNS
(48,50). While studying the behavior of a single clone
of human NSCs (hNSCs) grafted into the brain of a mid-
gestation Old World monkey fetus, we observed that the
developmental neurogenic program of the primate neo-
pallium was able to make the donor cells to follow two
major ontogenic processes. According to these, the prog-
eny of the hNSC clone became segregated into two sub-
populations: one contributed to corticogenesis by follow-
ing host cell migration along radial glia and differentiating
into neurons and glia in temporally appropriate layers; the
other subpopulation remained undifferentiated and mainly
contributed to the host’s germinative SVZ, possibly wait-
ing for later use in the adult CNS.

This and other observations done on impaired and
grafted CNS (29,46-48,53,69) thus suggest the exis-
tence of specific reciprocal signaling between graft and
host, allocating the progeny of donor NSCs either for
immediate use in organogenesis or to quiescent progeni-
tor pools for possible later use in the adult CNS for
maintaining homeostasis and/or participating in self-
repair. In such reciprocal interaction, it appears that it is
the host and its physiological conditions that dictate the
initial behavior and fate determination of the grafted
NSCs.

NSC GRAFTING INTO INJURED CNS

The polyvalent capacity of the grafted, multipotential
NSC:s to interact with a recipient expresses itself in man-
ifold ways, but always occurs under the direct influence
of the changing host environment. Thus, NSCs trans-
ferred into the intact adult CNS lacking most of the cues
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and signaling driving neuro- and gliogenesis during de-
velopment have no reason to deploy their multipotential
characteristics. They cease to proliferate and remain in
a “dormant” state in and close to the implantation area.
Their behavior can change dramatically, however, when
they are made to compete with endogenous cells during
brain development (see above), or when confronted with
stress signaling from degenerating neural tissue. Here,
thanks to an innate tropism for pathology (3,24,48), they
begin to migrate towards the injured area and their pres-
ence and interaction with the host can result in improved
host-driven regeneration (e.g., neurite sprouting), res-
cue/protection of threatened host cell populations, and
even replacement of dead or dysfunctional cells.

In one of our recent studies, such a shift in donor
NSC behavior in the face of a disequilibrating force to-
wards an attempted reestablishment of homeostasis in a
specific dysfunctional cell population became obvious
in aged mice exposed to the mitochondrial toxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (49).
Implantation of murine NSCs promoted reconstitution
of the chemically lesioned mesostriatal system in these
animals and rescued the permanently impaired nigral do-
paminergic (DA) neurons, an outcome supported by
both histological and functional assays. Although the
spontaneous conversion of some donor NSCs into DA-
expressing, neuron-like cells was detected in the lesion
area, the majority of them remained undifferentiated and
spontaneously expressed glia-derived neurotrophic fac-
tor (GDNF). This pointed to one of the plausible molec-
ular bases for the rescuing phenomenon and suggested
that host structures might benefit not only from NSC-
derived replacement of lost neurons but also from the
donor cells’ neuroprotective effect. Importantly, how-
ever, it also exemplified that the physiological condi-
tions of the adult injured brain parenchyma adjacent to
the grafted NSCs have changed in comparison to the
intact one. In this particular case, they allowed the NSCs
to survive and maintain their undifferentiated state (as
in the environment of the neurogenic niches) while the
now instructive nature of the signaling of host cells in
distress triggered the implanted NSCs to provide a mi-
lieu favorable for rescue and protection of the dysfunc-
tional neurons. As is presented below, this cellular net-
working was rendered possible by special stemness
characteristics of the grafted NSCs and thanks to hu-
moral interactions between donor and host elements.

STEMNESS FEATURES OF DONOR NSPs
AND NEUROPROTECTIVE NETWORKS
INITIATED IN THE GRAFTED HOST

To be able to realize their therapeutic purpose, the
grafted and endogenous NSPs themselves have to resist
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the hostile pathological microenvironment as much as or
even better than the other host cell populations. Al-
though many investigations are addressing the deterio-
rating behavior of the mature neurons and glia in such
conditions, interestingly almost nothing is known about
the vulnerability and the response of the NSCs, which
appear sometimes to better resist environmental stress
(19). In this context, a new role of cellular redox state
control has been recognized, affecting multiple pro-
cesses related to cell proliferation and differentiation. As
demonstrated recently, the degree of cellular oxidation/
reduction in progenitor cells can be altered by growth
factor signaling. Depending on the nature of the signal-
ing molecules, it can render the progenitors more re-
duced or oxidized (43).

Because stem cells represent an important source of
plasticity in both development and regeneration of the
CNS, they may very well take advantage of the stem-
ness-defining, enhanced control of their redox state to
be better prepared than the rest of the brain for exposure
to oxidative stress. To explore this hypothesis, we com-
pared cultured, dividing NSCs and postmitotic neural
cells and examined (i) their mitochondrial activities and
levels of reactive oxygen species (ROS) at steady-state
and after exposure to the mitochondrial toxin 3-nitropro-
pionic acid (3-NP) and (ii) the corresponding expression
levels of antioxidant molecules and their importance in
the response to 3-NP intoxication (36). In that study,
cultured NSCs were found to be by default better
equipped to control intracellular ROS than differentiated
neural cells. This was reflected in their significantly
higher mitochondrial activity, lower ROS content, re-
duced apoptosis, and in their comparatively higher basal
levels of antioxidant molecules like mitochondrial un-
coupling protein 2 (UCP2), glutathione peroxidase (GPx),
and manganese-containing superoxide dismutase (SOD2).

It has been reported that proliferating cells can actu-
ally produce substantial amounts of ROS endogenously
(66). Our results suggested that the maintenance of
higher steady-state activity of antioxidant mechanisms
in stem cells is one of their strategies to offset this ef-
fect. In consequence, compared to more mature neural
cells, NSCs resisted evoked oxidative stress better by
more efficient and quicker upregulation of antioxidant
proteins and were able to recover much sooner from its
effects than the differentiated cells. Thus, stemness ap-
pears to confer upon NSCs a higher alertness to changes
in intracellular ROS levels, and a molecular network
helping NSCs maintain stem cell status may be responsi-
ble for such enzymatic priming in the control of cellular
homeostasis (25,43,54).

Interestingly, we found that NSCs residing in the
mouse SVZ and SGZ are also characterized by higher
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steady-state levels of UCP2 and GPx when compared to
neural cells in other brain areas. This finding adds a new
and important characteristic to the already special nature
of neural stem cell niches: they represent a source of
cells that, by the nature of their stem cell transcriptome
(co-defined epigenetically by the niche’s microenviron-
ment), are relatively well equipped to resist oxidative
stress and, perhaps, other forms of pathological insults
as well.

Present therapeutic approaches (including neurotrans-
plantation) to most of the devastating neurodegenerative
diseases like Parkinson’s disease (PD), Huntington’s
disease (HD), multiple sclerosis (MS), or to more com-
plex syndromes such as ataxia telangiectasia (AT), are
severely blunted because of our inability to recognize
those individuals being at risk or in their presymptom-
atic phase of the disease. This, however, shouldn’t pre-
vent us from exploring new, proactive approaches that
might become useful once early diagnosis tools and
methodologies become available and routine (4,57,
58,65). Thus, in the case of neurotransplantation, the ac-
tion of grafted NSPs could result in a beneficial “condi-
tioning” of the host CNS and increase its resistance and
“alertness” towards the anticipated onset of pathological
changes.

Based on what we had found in vitro regarding the
resistance of proliferating NSCs to oxidative stress (36),
we set out to explore the neuroprotective benefits of pri-
mary NSPs in cocultures with primary neural cells ex-
posed to 3-NP and in mice treated with the same neuro-
toxin after NSP transplantation (in order to mimic the
behavior of endogenous NSCs present before the insult,
and to have the possibility to investigate very early, pro-
active interactions between graft and host cells) [(37),
Madhavan et al., submitted].

In both setups, the presence of donor NSPs signifi-
cantly improved cell viability by increasing the expres-
sion of neuroprotective factors. In vivo, a network of
growth factor-producing cells included donor cells and
host elements of glial and endothelial origin and pro-
vided an environment allowing host neurons to survive
by upregulation of their antioxidant defense mecha-
nisms. Thus, the remarkable finding in this study was
the discovery of a so far unrecognized ability of grafted
neural stem/progenitor cells to initiate or “catalyze,” in
response to a particular stress situation, the formation
of a neuroprotective “emergency network” composed of
specific recruited host cell types, including both neural
and nonneural cells. This phenomenon thus became par-
ticularly intriguing in the light of the importance it as-
signed to the interplay between stem/progenitor cells,
glia, and vasculature for the enhancement of plasticity
and regenerative capacity of a brain region and how it

paralleled in part the cellular environment of the physio-
logical stem cell niches in the adult CNS.

AUXILIARY STEM CELL NICHES
AND GRAFTED NSPs

Several architectural elements are characteristic for
the neural stem cell niche (18): extensive cell—cell inter-
actions, cellular contact with the cerebrospinal fluid,
close association with blood vessels, rich ECM, and spe-
cialized basal lamina. The major cell types involved are
cycling NSPs at various stages of commitment (e.g., in-
cluding NSCs, transit-amplifying cells, and postmitotic
neural progenitors), niche astrocytes, endothelial cells
(ECs), and ependymal cells. It has been widely recog-
nized that the cellular and molecular processes defining
the stem cell niche could provide important insights into
brain repair and maintenance of controlled neurogenesis
in the adult CNS. We think the understanding of the
niche’s intercellular communications could also give us
important insights into the behavior of grafted NSPs and
may allow us to create an optimized environment pro-
viding an effective additional source for cell replace-
ment, trophic support, and neuroprotection.

We propose that growth factor-producing cellular
networks initiated by grafted NSPs could be, in fact, re-
garded as attempts of the NSP-conditioned microenvi-
ronment to create secondary (“auxiliary”) niche-like re-
gions in the adult brain parenchyma. It is evident that
the efficiency of our use of NSPs for therapeutic pur-
poses critically depends on our ability to manipulate the
signals that determine stem cell behavior in a temporally
and spatially appropriate fashion, both at the treatment
target site and during the in vitro processing before
transplantation. For neurosurgeons, this may mean that
the characteristics and changes of the microenvironment
into which stem cells are transplanted may be as impor-
tant as the cells themselves and the anatomical target.
Because the adult neurogenic niches are the only regions
where we can study what it takes to maintain long-term
neurogenic NSCs and tissue plasticity in the postnatal
CNS, they are likely to present key features that might
be applied to create additional niche-like areas else-
where in the brain. These areas could finally not only
function independently in promoting neuroprotection
and serving as cellular source for repair in their immedi-
ate surroundings, but could even provide the necessary
stimuli for the activation of endogenous NSPs and
bridges for the latter and donor cell migration through
“hostile” adult/aged territory (Fig. 1).

NSCs in culture and when grafted retain many fea-
tures that can be found in their endogenous counterparts
and may help them to recreate a niche environment else-
where. When isolated from the SVZ, they exhibit robust



268

long-term maintenance of proliferation (expandability),
multipotentiality, and self-renewal—characteristics that
are culture resistant and cannot be easily changed by
environmental influences (61). Conditioned medium
from such NSCs contains significant amounts of trophic
factors that become further increased upon their transfer
close to a site of injury [(24,33,48), Madhavan et al.,
submitted]. Therefore, also in CNS pathology, trophic
support is best supplied by cellular vehicles of neural
origin, specifically NSCs, because these cells release
many factors in a regulated fashion and in a seemingly
site- and target-specific response to pathology, while si-
multaneously providing the possibility of cellular re-
placement. In a recent study by Himes et al. (23), the
rescue of axotomized neurons in Clarke’s nucleus by
neurotrophin 3 (NT-3) was greater when the factor was
delivered by transgenic NSCs than as peptide alone.
This suggests that NSCs may have provided, in the con-
text of a NSC-initiated, factor-producing donor—host
cell network, additional factors and delivered them in a
more appropriate physiological manner, which resulted in
increased rescue and neuroprotection. In addition, they
also provided the necessary substrate to help bridging
areas for axonal outgrowth and cell migration.

In the neurogenic niches, astrocytes take on the role
of important sensors and regulators, providing a rapid
means for the propagation of signals between all major
cell types in the niche. By their processes, the niche
astrocytes interconnect all cell types with the basal lam-
ina of blood vessels and the ventricular space and are
themselves tightly coupled via gap junctions. They thus
play a fascinating dual role as possible stem cell source
and as homeostasis-monitoring sentinels rapidly distrib-
uting information about any pathological disturbance
throughout the system. These astrocytes can also pro-
vide direct trophic support and neurogenic stimuli mod-
ulating neurogenesis and cell survival in the niche
(30,64). Thus, the involvement of host astrocytes in neu-
roprotective networks created by donor NSPs and their
increased production of trophic and neuroprotective fac-
tors like CNTF indicate that we should not see them
only as reactive astrocytes invading a lesion area and
impeding the function of grafted cells by forming glial
scars and releasing substances like tumor necrosis fac-
tor-o. and hyaluronan (7,20). There might exist more
subtle roles for them, and by exposing them to a NSP-
conditioned environment, we might be able to profit
from their niche-related behavior as well.

In vivo, neuro- and angiogenesis are closely linked in
the germinal zones of the adult brain, emphasizing the
importance of vasculature in determining the fate of
NSPs. The latter often gather in close proximity to ECs,
which recently have been shown to regulate stem cell
proliferation and neurogenesis in vitro (5,62). The basal
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lamina produced by ECs appears to be crucial for the
homeostasis of the neurogenic niche (5,38,39), and
NSCs, preferentially clustering around blood vessels in
the brain parenchyma (13,32,52,68) can directly com-
municate with ECs and get under the influence of EC-
derived factors such as VEGF and stromal cell-derived
factor 1 (SDF1) (24). In this context, a recent study by
Ohab et al. (44) provides convincing evidence that, after
stroke, migrating endogenous neuroblasts ensheath and
interdigitate with ECs specifically in areas of vascular
remodeling. This interaction appears to be mediated, at
least in part, by the tropic effect of the EC-derived li-
gands SDF1-B and angiopoietin 1 (Angl) on the migrat-
ing neuroblasts in the peri-infarct cortex and suggests
the formation of a special, injury-induced neurovascular
niche in that area. The role of Angl in controlling neuro-
blast numbers may thereby depend on its interaction
with other vascular factors like VEGF (15).

A hypoxia-inducible molecule promoting angiogen-
esis, VEGF has neurotrophic effects (56) and promotes
neurogenesis (5,12,26,59). Together with SDFI, it ap-
pears to be involved in stem cell homing and pathotrop-
ism (8,24,60,70). Intriguingly, in our NSP-grafted mice
exposed to 3-NP, increased production of VEGF as a
result of an insult-induced interaction between donor
NSPs and host ECs was observed and indicated, as the
study in the stroke model (44), that ECs might be able
to regulate NSP behavior also in the context of an injury.
In that particular case, the communication between both
cell types gained particular significance because VEGF
is also known to participate in the upregulation of the
antioxidant enzyme SOD2 (1,2) and thus had a direct
and positive effect on regional reduction of oxidative
stress.

In the light of the similarity in the homeostasis-
controlling behavior of the NSP-induced networks in the
3-NP-challenged animals, the behavior of undifferenti-
ated donor NSCs in brain development and neuronal res-
cue (36,43), and the cell interactions in the adult stem
cell niches, we therefore propose to consider an area of
CNS parenchyma grafted with NSPs as a potential an-
lage of an “auxiliary stem cell niche,” in which the
NSPs, especially under the influence of an insult, recruit
and interact with activated host elements in the attempt
to re-create niche-like conditions allowing for neurogen-
esis, cell rescue, and neuroprotection. While the cellular
conditions and environmental signaling might be totally
different from the SVZ niche, the inherent “stemness”
characteristics of the donor NSCs, together with the cel-
lular and molecular response of the host to the insult, may
allow at least a partial return to a more plastic stage in
which the modified signaling between the donor cells and
the recruited host cell types may create the right premises
for the system to regain homeostatic equilibrium.
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SUMMARY

Whether one chooses to use transplanted NSPs or at-
tempts to manipulate endogenous NSPs, a better under-
standing of the causal relationships between gene ex-
pression, differentiation state, and NSC biology and how
they influence the reciprocal interactions between in-
jured host environment and NSPs will be critical. It will
also be crucial to respect how various neurotrophic
agents and ECM components are involved in this graft—
host dialogue. To consider grafted CNS regions as “mi-
croniches” may help us to improve their regenerative
effectiveness by applying the knowledge that we are
gaining by studying the biology of areas like the SVZ.
Many features of the grafted areas appear to indicate
that their regenerative potential would profit from the
biological principles governing cell behavior in physio-
logical stem cell niches. Thus, the controlled providing
of cell types and molecules that would help to reinstall
these principles may only be beneficial to the therapeu-
tic outcome. This may occur not only in the form of
primary donor NSPs, but also, for example, by their ge-
netic manipulation in vitro and the manipulation of the
host milieu to interfere with the action of regeneration
inhibitors and/or to provide regeneration-promoting sub-
stances (9). Although each neuropathology has its spe-
cific scenarios, defects, and affected cell types, in many
cases the attempt of a “return” to a state remembering
the homeostasis present during early brain development
and plasticity is reflected in the response of even the
adult CNS to an insult. Thus, boosting this response by
seeding the parenchyma with NSPs with the ultimate
goal to create artificial neurogenic and neuroprotective
stem cell niches can only improve the functionality of
NSP grafts and their therapeutic credibility for treat-
ments of neuropathologies.
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