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Abstract: Numerous reports elucidate that tissue-specific stem cells are phenotypically plastic and their
differentiation pathways are not strictly delineated. Although the identity of all the epigenetic factors which
may trigger stem cells to make a lineage selection are still unknown, the plasticity of adult stem cells opens
new approaches for their application in the treatment of various disorders. There is increasing researcher
interest in hematopoietic stem cells for treatment of not only blood-related diseases but also various
unrelated disorders including neurodegenerative diseases. Human umbilical cord blood (hUCB) cells, due
to their primitive nature and ability to develop into nonhematopoietic cells of various tissue lineages,
including neural cells, may be useful as an alternative cell source for cell-based therapies requiring either the
replacement of individual cell types and/or substitution of missing substances. Here we focus on recent
findings showing the robustness of adult stem cells derived from hUCB and their potential as a source of
transplant cells for the treatment of diseased or injured brains and spinal cords. Depending upon the
pathological microenvironment in which the hUCB cells are introduced, neuroprotective and/or trophic
effects of these cells, from release of various growth or anti-inflammatory factors to moderation of immune-
inflammatory effectors, may be more likely than neural replacement. These protective effects may prove
essential to maintaining restored tissue integrity over the course of various diseases or injuries.
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Introduction

The brain is a complex organ containing billions of
neurons and other cells, specialized by structure
and function. A unique cytoarchitecture and neu-
ronal network of rigorous complexity compose the
brain, the source of all the qualities that define our
humanity. Since neurogenesis in the adult central
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nervous system (CNS) of all mammalians, includ-
ing humans, was discovered (reviewed in Cameron
and McKay, 1998; Gage, 2000; Gritti et al., 2002;
Lie et al., 2004), the traditional view of the ina-
bility of mature nervous tissues to renew and
reconstruct themselves has been largely debunked.
New neurons are constantly generated from neural
stem cells throughout life in restricted brain
regions which actually contain adult stem cells.
These cells can give rise to differentiated progeny
comprising the major cell types of the CNS,
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neurons and glia, assumed to be responsible for
nervous tissue homeostasis and repair throughout
adulthood to aging. However, a decline of newly
generated neurons has been observed with aging
(reviewed in Bernal and Peterson, 2004). Although
the mechanisms leading to a reduction of endog-
enous neurogenesis with increasing age are still
unclear, functional decline in the ‘‘normal’’ aging
processes is mainly associated with the loss of
synaptic densities in many brain structures and
impairment of cellular metabolism due to in-
creased oxidative damage to DNA and proteins
(reviewed in Limke and Rao, 2002; Brazel and
Rao, 2004). Such alterations could be even more
critical in age-related neurodegenerative disorders
such as Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), and amyotrophic lateral sclerosis (ALS)
which afflict more than 6.5 million people in the
United States alone. Since current therapies for
these devastating disorders merely treat the symp-
toms but do not provide cures, it is important to
develop new therapeutic strategies to replace cells
lost in neurodegenerative diseases through neural
implantation. In cell-based therapeutics, neural
stem cells offer hope for repair of the diseased or
injured brain by their endogenous or exogenous
(i.e., transplantation) activation. The rise of this
neural stem cell concept has raised many questions
in these cells therapeutic applications. It has been
shown that the fate of adult neural stem cells is
under specific environmental control and their
proliferation and differentiation biased by differ-
ent epigenetic signals, such as cytokines and var-
ious growth factors (reviewed in Gritti et al., 2002;
Baizabal et al., 2003). The changes in microenvi-
ronment during disease or injury could influence
either endogenous or exogenous repair. For ex-
ample, Parent (2003) showed increased neurogen-
esis in the persistent germinative zones
(subventricular zone and hippocampal dentate
gyrus) using experimental epilepsy and stroke in
the adult rodent. Moreover, as recently reported,
neurogenesis was elevated in brains of patients
with either Huntington’s disease (Curtis et al.,
2003) or AD (Jin et al., 2004). These results indi-
cate the great regenerative potential of the human
brain, but this compensatory mechanism of self-
repair as a response to brain insult does not
provide complete healing. Limke and Rao (2002)
point out, ‘‘As with any disease, the development
of new therapies relies heavily on a thorough
knowledge of the biology of the system being
studied, and the ramifications of alterations of that
system during disease.’’ The complexities and
specificity of CNS diseases make cell replacement
therapy a challenging but potentially very reward-
ing area for research.

Similar to primitive stem cells, adult neural stem
cells have capacity for self-renewal and can
generate cells other than themselves through asym-
metric cell division. Recent findings indicate that
neural stem cells display broader than expected
multipotentiality. It has been shown that they can
differentiate into non-CNS derivates, such as
blood cells (Bjornson et al., 1999) or skeletal mus-
cle (Galli et al., 2000). Controversially, bone mar-
row stem cells can give rise to muscle (Ferrari
et al., 1998), hepatic (Petersen et al., 1999), end-
othelial cells, osteoblasts (Dennis and Charbord,
2002), and neural cells (Sanchez-Ramos et al.,
2000; Woodbury et al., 2000). Additionally, the
muscle precursors can turn into blood cells (Jack-
son et al., 1999). The ability of tissue-specific stem
cells (neural stem cells and somatic stem cells) to
give rise to unrelated cell types may define these
cells as pluripotent in nature. In this context,
Slack’s (2000) overview of studies on stem cells in
epithelial tissues suggested that ‘‘all types of stem
cell are the same.’’ Although which epigenetic fac-
tors may trigger stem cells to make a lineage se-
lection are still unknown, the plasticity of adult
stem cells opens new approaches for their appli-
cation in treatment of various neurodegenerative
disorders. However, in practical view, the use of
human neural stem cells as well as embryonic stem
cells for brain therapy (i.e., transplantation) is
currently obstructed due to ethical and other issues
(Vescovi et al., 1999; Henon, 2003; Daar et al,
2004; Sanberg, 2005), in addition to difficulties in
ensuring purity of neural cultures and harvesting
needed populations for transplantation (Riaz
et al., 2002; Linazasoro, 2003; Sathananthan and
Trounson, 2005). Owing to these limitations,
exploration of new sources of stem cells for ther-
apeutic perspectives is necessary. It seems that
tissue-specific stem cells are phenotypically plastic
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and their differentiation pathways are not strictly
delineated. Increasing interest of many researchers
in plasticity of hematopoietic stem cells in treat-
ment of not only blood-related diseases but also
various unrelated disorders, encourages investiga-
tions into the possibilities of using these cells to
treat neurodegenerative diseases.

Here we focus on recent findings, including ours,
showing the robustness of adult stem cells derived
from hematopoietic tissue, particularly, human
umbilical cord blood (hUCB), in identifying their
specific potential as a transplantable cell source for
the treatment of diseased or injured brain and
spinal cord.
Umbilical cord blood cells: new vision or novel assets

Numerous reports elucidate the many advantages
of hUCB cells for cellular therapies. These cells are
easily accessible in unlimited supply, avoiding
ethical and other issues, and hUCB cells may be
preferable to other potential cell sources (Sanberg
et al., 2001, 2002). Hematopoietic progenitors
from hUCB are rich in the most primitive stem
cells and are capable of long-term repopulation of
blood lineages (Broxmeyer et al., 1989, 1992;
Mayani and Lansdorp, 1998; Todaro et al., 2000;
Nayar et al., 2002). The number of myeloid
progenitor cells in hUCB is similar to the number
in bone marrow (Broxmeyer et al., 1992), however,
hUCB cells have a greater colony-forming ability
(Nakahata and Ogawa, 1982) and can be expanded
in long-term cultures in vitro using different
growth factors and have longer telomeres than
adult cells (Vaziri et al., 1994).

Cord blood transplants have already been used
to reconstitute bone marrow and blood cell line-
ages in children with various hematological ma-
lignant and nonmalignant diseases (Lu et al., 1996;
Sirchia and Rebulla, 1999). Since 1988, when the
first transplant was performed in a patient with
Fanconi anemia (Gluckman et al., 1989), cord
blood transplantations have increased; more than
3000 cases have been reported worldwide (Gluck-
man, 2000; Broxmeyer, 2004). Moreover, hUCB
transplants from unrelated donors (vs. autologous
transplantation) have been successfully used for
children and adult patients (Gluckman et al., 1997,
1999; Rubinstein et al., 1998; Ooi et al., 2002;
Wagner et al., 2002). Recently, it has been shown
that hUCB transplants, versus adult bone marrow
stem cells, better restore the host hematopoietic
progenitor cell reservoir (Frassoni et al., 2003).
Some studies indicate that a single hUCB sample
supplies enough hematopoietic stem cells to pro-
vide both short- and long-term engraftment (Lu
et al., 1996; Sirchia and Rebulla, 1999). This ad-
vantage is due to the immune-immaturity of the
hUCB cells, which reduces the risk and severity of
graft-versus-host disease (GVHD) after transplan-
tation (Madrigal et al., 1997; Gluckman, 2000;
Thomson et al., 2000). In the first electron micro-
scopic comparison of cord blood, peripheral blood
and bone marrow cells, hUCB cells had a more
immature morphology of the myelo-monocytic
cells with small numbers of mature neutrophils
and unique ultrastructure elements, such as nu-
clear pockets in the neutrophils, which accelerated
the transport of RNA to the cytoplasm (Mikami
et al., 2002).

The immaturity of immunological properties in
hUCB cells is believed to cause a prolonged
immunodeficient state after hUCB transplantation
(Roncarolo et al., 1994; Garderet et al., 1998;
Thomson et al., 2000). However, it has been shown
that hUCB cells contain a fully constituted T-cell
repertoire (Garderet et al., 1998). When comparing
the characteristics of B-cell differentiation in vitro
from CD34+ cord blood cells with those of pe-
ripheral blood, it was found that B-cell precursors
differentiated from cord blood are more immature
(Hirose et al., 2001); this may cause the delay in
mature B-cell production. Moreover, cord blood
lymphocytes expressed cytokine receptor profiles
(IL-2, IL-4, IL-6, IL-7, TNF-a, and interferon-g) at
lower levels than in adult blood cells (Zola et al.,
1995) and produced great amounts of the anti-
inflammatory cytokine IL-10 (Rainsford and Reen,
2002). Recently, it has been demonstrated that
human CD34+ cord blood cells can completely
reconstitute the immune system in NOD/SCID
mice with functionally competent cells, as indicated
by IgM, IgA, and IgG expression (Hiramatsu et al.,
2003). These human lymphocytes also formed
organized structures in mouse spleens and thymi.
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Current interest in the transplantation field for
clinical applications focuses on the ex vivo expan-
sion of cord blood precursor/progenitor/stem cells
to provide a sufficient amount of stem cells for
adult transplantation (Conrad and Emerson, 1998;
Liesveld, 2003). Major questions arise on selection
of an optimal stem cell population for expansion
and definition of desired characteristics of the ex-
panded stem cells to be used for engraftment (Shih
et al., 2000). Human AC133 (CD133) antigen has
been identified as a hematopoietic stem cell marker
that may provide an alternative to CD34 for the
selection and expansion of hematopoietic cells for
transplantation (Yin et al., 1997; Kobari et al.,
2001). It has been shown that about 80% of
CD34+ cells express CD133 and more than 97%
of CD133+ cells are CD133+CD34+ in fresh cord
blood (Hao et al., 2003). Although CD133+ cells
comprised 0.67% of the total mononuclear hUCB
cells (Ma et al., 2002), expansion of CD133+ and
CD133+CD34+ cells was significantly higher than
those from the CD34+ cells (Hao et al., 2003).
These findings suggest that CD133+ may be more
primitive hematopoietic progenitor/stem cells than
CD34+. In the first clinical trial of autologous
transplantation of CD133 selected progenitors in a
pediatric patient with relapsed leukemia, complete
remission was reported at follow-up, 11 months
after transplantation (Koehl et al., 2002).

To advance the usefulness of the hUCB cells in
treating neurodegenerative diseases, an in vitro
study was first conducted by our research group
(Sanchez-Ramos et al., 2001). We showed that
mononuclear hUCB (MNC hUCB) cells treated
with retinoic acid (RA) and nerve growth factor
(NGF) expressed molecular markers usually associ-
ated with neurons and glia, as determined by
immunocytochemistry, Western blot, and DNA
microarray. The MNC hUCB cells under neural-
ization-inducing (RA+NGF) media expressed spe-
cific markers for early neural precursors (musashi-1,
nestin, TuJ1), mature neurons (NeuN, MAP2), and
astrocytes (GFAP). Moreover, cells exposed to
RA+NGF treatment increased TuJ1 and GFAP
expressions by approximately two times. Similar to
this study, we have demonstrated that in standard
growth (i.e., DMEM) media, MNC hUCB cells ex-
press neural markers, such as nestin, TuJ1, MAP2,
and GFAP (Garbuzova-Davis et al., 2003). Co-
localization of nestin and MAP2 and various cyto-
plasmic expressions of TuJ1 by cells at 2 weeks after
plating were also observed; findings that we suggest
may depend upon cell cycle or cell development.
Additionally, the increased number of cells express-
ing CD133 antigen, a marker of primitive hem-
atopoietic progenitor/stem cells, in 7 days cultured
cells probably gives rise to cells which show imma-
ture and mature neural characteristics at the same
time.

This novel benefit of hUCB cells, that they can
express antigens typical of neural lineages within
the CNS, has been confirmed by other researchers.
Bicknese et al. (2002) and Buzanska et al. (2002)
demonstrated that these cells could be induced to
express class III b-tubulin, GFAP, and GalC
(a marker of oligodendrocytes). Similarly, Ha
et al. (2001) showed that these cells can express
the neurofilament microtubule associated protein
2 (MAP2) using immunohistochemistry and
RT-PCR. In a study reported by Goodwin et al.
(2001), a subset of cells from MNC hUCB, which
had been maintained in continuous culture for
more than 6 months, was described without anti-
gen expression for hematopoietic differentiation.
When these cells were exposed to osteogenic,
adipogenic agents or basic fibroblast and epider-
mal growth factors, they expressed bone, fat and
neural markers, respectively. According to these
data, hUCB contains a cell population, which is
capable of expressing antigens of multiple lineages,
demonstrating the plasticity of these cells that is
very important for cellular therapeutics with the
goal of system repair. However, the authors raise
critical questions about the nature of this cell pop-
ulation. They cannot conclude that these cells are
‘‘a stem cell population, multiple differentiated
progenitors, or cells with transdifferentiation
capacity’’ (Goodwin et al., 2001). More investiga-
tion needs to be performed using various testing of
these cells, including in vivo studies. Confirming
the presence of a cell population in hUCB with
multipotent ability, McGuckin’s research team
developed a negative immunomagnetic selection
method that depletes hUCB from hematopoietic
lineage marker-expressing cells, therefore isolating
a discrete lineage negative (LinNeg) stem cell
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population (0.1% of MNC hUCB) (Forraz et al.,
2004; McGuckin et al., 2004). These selected
LinNeg hUCB cells expanded primitive nonadher-
ent hematopoietic progenitors (up to 47-fold) and
simultaneously produced adherent cells with ne-
uroglial progenitor cell morphology over 8 weeks.
Gene expression analysis showed upregulation of
primitive neuroglial progenitor cell markers for
GFAP, nestin, musashi-1, and necdin.

Recently, we characterized in vitro two different
subpopulations of MNC hUCB cells – adherent
and floating (Chen et al., 2005). We found that
there were a significant number of progenitor/stem
and neural cell antigen expressions on cells in the
floating population. The adherent cell population
mainly contained lymphocytes (over 50%)
expressing hematopoietic antigens. These results
suggest that a nonhematopoietic subpopulation of
cells exists within MNC hUCB cells and seems to
have the potential to become neural cells. Although
this study is continuing, it is clear that hUCB has a
primitive stem cell population that may give rise to
both hematopoietic and neural cells.

Thus, hUCB cells due to their primitive nature,
with ability to transdifferentiate or become non-
hematopoietic cells of various tissue lineages, in-
cluding neural cells, may be useful for cell-based
therapies requiring either the replacement of indi-
vidual cell types and/or substitution of missing
substances. Using hUCB cells as an alternative cell
source in the treatment of neurodegenerative dis-
orders is therefore an attractive approach.
Umbilical cord blood cells in treatment of diseased

brain and spinal cord

Stroke

Stroke is the most common age-related cerebro-
vascular disease, which is the third leading cause of
morbidity and mortality in the United States
(Gorelick et al., 1999). Care for this disease is
problematic due to certain disease attributes.
Stroke can involve multiple anatomical brain
structures, affecting different neuronal cell popu-
lations, and disrupting various neuroanatomical
pathways. Ischemic injury may be an ongoing
process increasing cell and/or tissue damage; so
timing to begin therapeutic course is critical. Cur-
rently, the only effective treatment for stroke
(tissue plasminogen activator or TPA) must be
delivered within a restricted time frame from the
initiation of the stroke. These disease outcomes
should be taken under consideration in developing
any therapeutic intervention, especially, in cell-
based therapy for stroke. A recent review (Savitz
et al., 2004) discussed preclinical and clinical stud-
ies on potential cell therapy for stroke. In on-going
clinical trials, patients with intrastriatal neuronal
transplantation of the immortalized cell line
NT2N (LBS neurons) showed a trend toward im-
provement in functional outcomes on several
scales, compared with baseline measurements be-
fore transplantation. Some transplanted patients
improved on a test of memory 6 months after
transplantation. Another pilot study on in-
trastriatal transplantation of fetal cells from the
pig into patients with basal ganglia infarcts dem-
onstrated that the patients developed no new neu-
rological deficits in the acute setting. But at 2
years, no patients showed improvement on the
modified Rankin scale and the study was termi-
nated by the FDA. Although clinical trials on
neuronal cell transplantation are feasible, using
multipotent stem cells from a different source
might be more beneficial.

A series of published reports by Chopp and col-
leagues (Chen et al., 2001a, 2003; Chen et al., 2002;
Li et al., 2002) on using bone marrow stromal cells
as a source of transplantable cells for treatment of
stroke demonstrated functional improvement in rats
after focal cerebral ischemia. Transplanted cells mi-
grated to areas of ischemic infarcts and differenti-
ated into neuronal and glial cell types. Authors
suggested that recovery mechanisms are likely due
to trophic factors released by cells which may pro-
mote endogenous neurogenesis and angiogenesis
rather than a result of neuronal replacement.

The hUCB is another source of multipotential
stem cells that has shown promising effects in pre-
clinical studies for treatment of stroke. The intra-
venous administration of MNC hUCB cells
(3� 106) at 24h or 7 days after middle cerebral ar-
tery occlusion (MCAO) in a rat model of stroke
significantly improved neurological function (Chen
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et al., 2001b). Upon histological examination of the
brains, MNC hUCB cells were observed mainly in
the cortex and striatum of the injured hemisphere in
the ischemic boundary zone. Few cells were found
in the contralateral hemisphere. Using immuno-
histochemistry, it was determined that some of
these MNC hUCB cells were immunoreactive for
neuronal markers NeuN (2%) and MAP2 (3%),
the astrocytic marker GFAP (6%), and the end-
othelial cell marker FVIII (8%). The transplanted
cells were also detected outside the brain in bone
marrow (3%), spleen (1%), muscle, heart, lung, and
liver (0.01%–0.5%).

Recently, in our study (Willing et al., 2003), we
compared the effect of intravenous versus in-
trastriatal injection of MNC hUCB cells to assess
which produced the greatest behavioral recovery
in rats with permanent MCAO. It was found that
spontaneous activity was significantly less when
cells were transplanted 24 h after stroke compared
with nontreated stroke animals. Furthermore, be-
havioral recovery was similar with both cell deliv-
ery routes. However, in one functional test (step
test) at 2 months after transplant, significant im-
provements were found only after intravenous de-
livery of the MNC hUCB cells. Also, in the passive
avoidance test, transplanted animals learned the
task faster than nontransplanted rats. These re-
sults suggest that intravenous delivery of MNC
hUCB cells may be more effective than direct
striatal delivery in producing long-term functional
benefits to the stroke animal.

In continuing studies of our research team lead
by Dr. Willing, the effect of increasing doses of
MNC hUCB cells after MCAO on the behavioral
recovery and stroke infarct volume in rats (Ven-
drame et al., 2004) was examined. Twenty-four
hours after induced stroke, rats were intravenously
infused with 104–3–5� 107 MNC hUCB cells.
Results showed that, at 4 weeks after infusion,
there was a significant recovery in behavioral per-
formance (spontaneous activity, step test, elevated
body swing test) when 106 or more MNC hUCB
cells were delivered. Infarct volume measurements
revealed an inverse relationship between cell dose
and damage volume, which reached significance
at the higher doses of MNC hUCB cells (107 cells,
po0.01; 3–5� 107 cells, po0.05). Moreover,
transplanted cells were localized by immunofluo-
rescence for human nuclei antigen expression and
PCR analysis only in the injured brain hemisphere
and spleen. These results extend previous observa-
tions of MNC hUCB cell infusion in the MCAO rat
stroke model by demonstrating a dose relationship
between introduced transplanted cells, behavioral
improvement, and neuronal sparing.

Lately, we showed (Vendrame et al., 2005) that
in the brain of rats with permanent MCAO, there
was an increase in the number of CD45+/CD11b+

cells (lymphocytes). After MNC hUCB cell trans-
plantation, the number of CD45+/CD11b+ cells
returned to the level observed in the normal brain.
There was a decrease in the number of CD45+/
CD11b+ cells (resting microglia) in the MCAO
brain that was reversed by hUCB transplantation.
After stroke, there was also a large increase in the
cell population labeled with CD45+/CD11b+,
which returned toward normal values in the
transplanted animals. This population has been
previously characterized as mainly granulocytes,
macrophage, and activated microglia. These cellular
changes were accompanied by decreases in mRNA
and protein expression of pro-inflammatory cyto-
kines and in nuclear factor kappaB (NF-kappaB)
DNA binding activity in the brain of stroke animals
treated with MNC hUCB cells. In addition to
modulating the inflammatory response, we demon-
strated that the transplanted cells increased neuron-
al survival through nonimmune mechanisms. Once
thought of as ‘‘cell replacement therapy,’’ we now
propose that cord blood treatment in stroke reduces
inflammation and provides neuroprotection. Also,
we recently showed that MNC hUCB cells could
benefit in stroke by providing protective trophic
neuronal support through secretion of glial-derived
neurotrophic factor (GDNF) or other growth
factors (Sanberg et al., 2004).

Finally, the therapeutic window for treatment of
individuals after stroke is narrow, regardless of the
treatment regime; extension of this window would
provide a major therapeutic advance. Based on
our findings that significant improvement occurred
in the behavior of rats receiving MNC hUCB
cells 24 h after MCAO, another study from our
research group (Newman et al., 2005) attempted to
determine the optimal time to administer these
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cells after stroke. Using ischemic tissue extracts,
the migration capability of MNC hUCB cells was
investigated. We demonstrated increased migratory
activity of MNC hUCB cells toward the extracts
harvested at 24–72 h after stroke. The extracts pos-
sessed increased levels of certain cytokines and
chemokines, suggesting participation of these sub-
stances in the cell migration. The results from this
study are promising in that the current 3 h thera-
peutic window for the treatment of stroke victims,
using approved anticoagulant treatment, may be
extended with the use of MNC hUCB cell therapy
to 24–72 h post stroke event. Also, the chemokines
present in the supernatant could provide a sound
starting point for examining the mechanisms re-
sponsible for the in vivo migration of MNC hUCB
cells after stroke induction.

However, as concluded by Savitz et al.
(2004) ‘‘Transplantation is unlikely to succeed if
there is a severe arterial occlusion without collat-
eral circulation; inadequate blood supply would
not support graft survival.’’ On this point, an other
advantage for using hUCB cells for treatment of
stroke is potential restoration of vascularity since
cord blood contains endothelial progenitor cells
which may be of use in proangiogenic ne-
ovascularization therapy (Delorme et al., 2005;
Shin et al., 2005).
Amyotrophic lateral sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a progres-
sive neurodegenerative disorder characterized by a
loss of motor neurons throughout the neural axis
that clinically manifests as a progressive muscular
weakness leading to paralysis and death, usually
within 3–5 years of diagnosis. The diffuse degen-
eration includes damage to upper motor neurons in
the motor cortex, lower motor neurons in the
spinal cord, and some brainstem nuclei. New ther-
apeutic strategies, including cell replacement, for
this disease are difficult to develop due to multifo-
cal and multicausal motor neuron death (Silani and
Leigh, 2003). In agreement with Bruijn’s (2002)
comment concerning neural stem cell replacement
therapies for ALS, ‘‘it is hard to imagine that trans-
planted motor neurons would form appropriate
connections with target muscle,’’ there are severe
limitations to using this treatment in ALS.

Since numerous hypotheses about the etiopa-
thology of ALS have been proposed (reviewed in
Cleveland and Rothstein, 2001; Bruijn et al.,
2004), increasing evidence points to immune sys-
tem involvement in the pathogenesis of ALS. If
ALS is an autoimmune disease, as some have
hypothesized (Kawamata et al., 1992; Alexianu,
1995; Niebroj-Dobosz et al., 1999; Alexianu et al.,
2001; Mohamed et al., 2002), hUCB cells may im-
prove disease outcome through immune modula-
tion. Supporting this hypothesis is evidence
showing that intravenous administration of a large
dose (35� 106) of MNC hUCB cells into irradi-
ated G93A mice substantially increased lifespan of
mice (Ende et al., 2000; Chen and Ende, 2002).
While the survival data was impressive, the inves-
tigators did not examine motor function in these
animals or determine the underlying mecha-
nism(s). Authors suggested that MNC hUCB cells
possibly ‘‘provide enhanced hematopoietic recon-
stitution of the irradiated hosts own stem cells’’
(Ende et al., 2000).

In our study, a single low dose (106 cells) of
MNC hUCB administered into the systemic
circulation of the presymptomatic G93A mice
delayed disease progression at least 2–3 weeks, as
determined by testing motor function, and mod-
estly prolonged the lifespan (Garbuzova-Davis et
al., 2003). Transplanted cells survived long-term
(10–12 weeks) post-transplantation and were
found widely distributed in the brain, spinal cord,
and other organs. Although most cells were asso-
ciated with blood vessels, some cells migrated into
the parenchyma within the brain and spinal cord
and expressed early neural (nestin), neuronal
(TuJ-1), and astrocytic (GFAP) markers. How-
ever, only morphological evidence was found for
differentiated astrocytes. The other finding in our
study was that a large number of MNC hUCB
cells were present in the spleens of treated mice. As
this was the first study demonstrating that MNC
hUCB cells altered the peripheral immune system,
we examined the immune phenotypes (T- and B-
cell antigen expression) of intravenously trans-
planted cells found in the spleen (Desjarlais et al.,
2003). Many of the cells expressed CD8 and CD19



214
while few expressed CD4. Only a few cells were
found positive for CD28 and CD80, indicating
activation of T- and B-cells. When we analyzed T-
and B-cell antigen expression of MNC hUCB cells,
which had migrated to the spinal cord after their
administration into systemic circulation, most cells
expressed CD4 and CD8; fewer expressed CD19,
CD28, and CD80. These results suggest that the
MNC hUCB cells can not only differentiate into
immune cells, but are actively involved in the im-
mune response. It is possible that the beneficial
effect of MNC hUCB cells may occur through
peripheral immunomodulation of immune effec-
tors due to MNC hUCB development into cells
with immune regulatory function.

An additional advantage of MNC hUCB cells in
treatment of ALS could be through altered func-
tion of the lymphoid system which critically influ-
ences the immune system. Significant lymphopenia
and an increase of the CD4/CD8 ratio have been
noted in ALS patients even at an early disease
stage (Provinciali et al., 1988). This was confirmed
by our recent findings that severe lymphopenia
accompanied by spontaneous autorosette forma-
tion was determined in G93A mice modeling ALS
at the terminal stage of disease (Kuzmenok et al.,
2006). It is possible that restoration of the lymph-
oid system by hUCB cell transplantation may
elevate ‘‘defense’’ for motor neurons.
Umbilical cord blood cells in treatment of injured
brain and spinal cord

Traumatic brain injury (TBI) and spinal cord in-
jury (SCI) result from external physical insult and
are associated with high morbidity and mortality.
There are currently no sufficient treatments. Brain
neurotrauma is characterized not only by focal
abnormalities, but rather by multifocal, or even
global structural and functional disturbances of the
brain network. In both TBI and SCI, the impact
initially causes necrotic cell death and then apo-
ptotic cell death in the underlying and surrounding
tissues due to multiple subsequent events, such as
ischemia and excitotoxicity. Stem cells might
participate in reconstructing the molecular and cel-
lular milieu of traumatized brains or spinal cords
(Brodhum et al., 2004; Kulbatski et al., 2005).
However, there is no definitive answer about the
ideal cell type for transplantation. A recent retro-
spective analysis of 70 cases of brain trauma or
paraplegia treated with neural stem cell transplan-
tation concluded that the transplantation pro-
moted functional recovery (Zhou et al., 2004). In
another clinical trial, Rabinovich et al. (2003) re-
ported that cells from fetal nervous and hemopoie-
tic tissues (gestational age 16–22 weeks) had been
subarachnoidally implanted into 15 patients with
severe SCI at cervical or thoracic spine level. Each
patient received from one to four cell grafts at
various time intervals. With cell treatment, six pa-
tients improved their neurological status exhibiting
incomplete restoration of both motor and sensory
function. The status of five other cell-treated pa-
tients became consistent and was characterized by
appearance of contracting activity in some muscles
and incomplete restoration of sensitivity. The re-
maining four patients did not exhibit any clinical
improvements. No serious complications of cell
transplantation were noted. These results suggest
the clinical relevance of the cell-based approach to
treating severe consequences of SCI.

In our study, we showed that when MNC hUCB
cells (2 � 106) were delivered to the tail vein of
rats with TBI, neurological deficits were reduced
(Lu et al., 2002). Wide distribution of administered
cells in the brain and peripheral organs was de-
tected. The cells which migrated into the paren-
chyma of the injured brain expressed neuronal
markers NeuN and MAP2 and the astrocytic
marker GFAP.

In another of our studies, intravenously deliv-
ered MNC hUCB cells (106), at 1 day or 5 days
postinjury in rats with compression injury of the
spinal cord, increased the rate of behavioral re-
covery (Kim et al., 2002; Saporta et al., 2003).
However, rats which received the cells 5 days after
injury showed significantly improved recovery of
motor function compared to those that received
cells on the 1st day postinjury, and both were
significantly better than animals upon which only
laminectomy was performed. The transplanted
cells were observed in injured areas of rat spinal
cords and were never seen in corresponding areas
of spinal cord of noninjured animals. The results
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of our studies are consistent with the hypothesis
that cord blood-derived stem cells participate in
the healing of neurological defects caused by not
only disease but also by traumatic assault.

It is interesting to note that even direct injection
of hUCB-derived AC133 (hematopoietic progeni-
tor/stem) cells into a demyelinated lesion of rat
spinal cord showed extensive axon remyelination
by light and electron microscopic examination
(Honmou et al., 2002).

Thus, our studies demonstrated that hUCB cells
delivered into the systemic circulation were able to
migrate into injured/damaged areas of the brain or
spinal cord and express neural-like markers with-
out pre-exposure to specific factors. Although the
mechanism of cell migration remains unclear, Lu
et al. (2002) suggest that hUCB cells ‘‘may enter
the brain from blood–brain barrier disruption or
in response to signals from cytokines and cell
surface receptors and antigens’’ and ‘‘the micro-
environment of the brain [spinal cord] after injury
may drive hUCB cells into a neural cell pheno-
type.’’
Umbilical cord blood cells in treatment of metabolic
diseases

The core strategy in developing a therapy for
mucopolysaccharidosis (MPS) is replacement or de-
livery of the missing enzyme. Cell therapy may show
promise as a new treatment for this disease. Re-
cently, cord blood transplants from unrelated do-
nors were shown to improve neurocognitive
performance and decrease somatic features in pa-
tients with Hurler’s syndrome (MPS type I) (Staba
et al., 2004).

We investigated the prospects of MNC hUCB as
a potential cell source for treatment of Sanfilippo
syndrome type B (MPS III B). MPS III B is an
autosomal recessive disorder caused by a defi-
ciency of a-N-acetylglucosaminidase enzyme
(Naglu). The lack of Naglu enzyme leads to accu-
mulation of heparan sulfate, a glycosaminoglycan
(GAG), within lysosomes. Clinical symptoms ap-
pear after 2 years of normal development and then
progressive cerebral and systemic multiple organ
abnormalities are seen.
Our examination of Naglu enzyme activity of
MNC hUCB cells in vitro showed that cells con-
tain and extracellularly release the Naglu enzyme,
making them a suitable vehicle for use in enzyme
replacement therapy (Garbuzova-Davis et al.,
2005). When we administered MNC hUCB cells
into the cerebral ventricle of Naglu mice modeling
MPS III B at 1 month of age, transplanted cells
survived long-term (7 months), migrated into the
parenchyma of the brain and peripheral organs,
expressed neural antigens (nestin, NeuN, GFAP),
and exhibited neuron and astrocyte-like morpho-
logy. Transplant benefits were also demonstrated
by stable cytoarchitecture in the hippocampus and
cerebellum, and by reduced GAGs in the livers of
treated mutant mice. Although all these results in-
dicate the beneficial effects of MNC hUCB cells,
mechanisms of cell migration, as well as mecha-
nisms promoting cell integration and differentia-
tion in the host environment are still unknown.
Many questions remain concerning the ability of
MNC hUCB cells to treat multifaceted diseases,
such as MPS III B, with complex factors under-
lying the pathogenesis. However, these are the first
results supporting enzyme replacement by admin-
istered MNC hUCB cells and may lead to new
strategies for delivery of the missing enzyme. We
are currently investigating systemic administration
of hUCB cells into Naglu mice, which may prove
even more effective.

In one of our more recent studies (Garbuzova-
Davis et al., 2006), we attempted to take advan-
tage of the passage of maternal cells into the fetus
during pregnancy for prenatal delivery of Naglu

enzyme into the enzyme-deficient mouse model of
MPS III B. Enzymatically sufficient MNC hUCB
cells were intravenously administered into hetero-
zygote females modeling MPS III B on the 5th day
of pregnancy during blastocyst implantation. We
found that administered MNC hUCB cells trans-
migrated and diffused into the embryos (E12.5)
and some cells expressed CD34 and CD117 anti-
gens. Additionally, transmigrated cells were found
in both the maternal and embryonic parts of pla-
centas and also were extensively distributed in the
organs and the blood of heterozygote mothers at 1
week after transplantation. More importantly,
MNC hUCB cells corrected Naglu enzyme
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activity in all embryos. Thus, our results indicate
that prenatal delivery of Naglu enzyme by MNC
hUCB cell administration into mothers of enzyme-
deficient embryonic mice is possible and may
present a significant opportunity for new biotech-
nologies to treat many inherited disorders.
Alternative and/or combined treatment of diseased
or injured brain and spinal cord

Recent work in our laboratory lead by Dr. Bickford
and others has shown the potential beneficial ac-
tions of nutritional approaches to the treatment of
aging and neurodegenerative diseases (Joseph et al.,
1998; Bickford et al., 1999, 2000; Ferrante et al.,
2001; Gemma et al., 2002). The use of fruits or
vegetables has the benefit of providing a cocktail of
numerous phytochemicals with multiple actions in-
cluding antioxidant and anti-inflammatory effects
and is one reason that many fruits and vegetables
have been extensively studied in the field of cancer
biology. For example, blueberries are known to
contain many phenolic compounds such as ant-
hocyanins that are potent antioxidants; the phe-
nolic content changes with different berry varieties
(Zheng and Wang, 2003). Spirulina, a blue green
algae used for thousands of years as a food source
by the Aztecs, is known to contain large amounts of
b-carotene (Annapurna et al., 1991) and several
phycocyanins (Bhat and Madyastha, 2001), all with
potent antioxidant effects; phycocyanin is also
known to have potent COX-2 inhibitory actions
(Reddy et al., 2000, 2003) and as COX-2 is in-
creased in ALS (Maihofner et al., 2003) and after
stroke (Yokota et al., 2004), foods containing
phycocyanin may have dual benefits.

In fact, we have shown that aged rats fed diets
supplemented with spirulina or spinach demon-
strate improved motor learning in either a rod-
running motor learning task or classical eyeblink
conditioning (Bickford et al., 2000; Cartford et al.,
2002) and show decreases in both markers of oxi-
dative damage and markers of inflammation
(Cartford et al., 2002; Gemma et al., 2002).

In an animal model of PD, the blueberry
or spirulina diet was neuroprotective in that the size
of the 6-hyrdoxydopamine (6-OHDA) induced
dopaminergic terminal loss was significantly smaller
at 30 days postlesion (Stromberg et al., 2005). At
this time, there was a significant reduction in MHC
class II positive microglia, suggesting that part of the
beneficial mechanism may be via reducing inflam-
mation. At 4 weeks after the dopamine depletion by
6-OHDA injection, a significant increase in GFAP-
positive profiles was found in lesioned animals given
the control diet, while blueberry- and spirulina-
treated animals showed no changes compared to
sham-injected rats or to the 1 week time point.

In a following study, we showed the protective
effects of three antioxidant diets: blueberry, spin-
ach and spirulina against stroke in rats (Wang et
al., 2005). Our data indicate that these diets have
different effects in reducing ischemia-induced ca-
spase-3 activity and cerebral infarction. Animals
were put on a control, blueberry, spinach, or
spirulina diet for 4 weeks prior to the insult. We
used a 60min occlusion of the middle cerebral ar-
tery and at 24 h examined the size of the infarct
using TTC staining. We found a 70% protection in
infarct size in the spirulina treated rats and a 50%
protection in both the blueberry and spinach
treated rats. In these same animals, we observed
a significant decrease in caspase-3 activity and in
the number of TUNEL positive cells, indicating
that a reduction of apoptosis was achieved. All
groups also showed significant improvement on
horizontal and vertical activity measures when
compared with controls.

Thus, our results suggest that nutritional sup-
plements (spirulina, blueberries, and spinach)
show a broad spectrum of neuroprotection in
multiple models of neurodegeneration and can be
used as alternative and/or combined treatment
of diseased or injured brain and spinal cord.
As studies continue using different model of ne-
urodegenerative disease such as ALS, it will be
interesting to note changes in the diseased micro-
environment by diet supplementations prior to
cell transplantation.
Conclusion

Numerous reports by us and others have demon-
strated the plasticity of MNC hUCB cells in both
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in vivo and in vitro studies. These cells differentiate
into blood, immune, or neural cell lineages and
seem a promising novel cell source for treatment of
various neurodegenerative diseases and the injured
brain or spinal cord. The MNC hUCB cells may
modulate host hematopoietic and immune systems
or even replace dying cells depending upon the
pathological microenvironment in which the MNC
hUCB cells are placed. Currently, neuroprotective
and/or trophic effects of these cells, from release of
various growth or anti-inflammatory factors and/
or by moderation of immune-inflammatory effec-
tors, seems more likely than neural replacement.
These protective effects may be essential to main-
taining/restoring tissue integrity over the course of
various diseases or injuries. As evidence of MNC
hUCB cell benefits continues to increase, so should
enthusiasm mount for the use of these cells in new
and existing therapies.

The brain is the source of intelligence and mem-
ory, responsible for a variety of crucial intercon-
nected systems. Given our present limited
understanding of brain processes and interactions,
it would be naı̈ve to expect simple solutions to
brain diseases and injuries with their inevitably
complex pathologies. We expect that adult stem
cell and nutritional therapies will increasingly be
used in conjunction with other therapies in the
treatment of brain injuries and diseases.
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