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Abstract: Cell therapy has been shown as a potential treatment for stroke and other neurological disorders. Human umbilical cord blood
(HUCB) may be a promising source of stem cells for cell therapy. The most desired outcomes occur when stem cells cross the blood
brain barrier (BBB) and eventually reach the injured brain site. We propose, from our previous studies, that mannitol is capable of disrupting the BBB, allowing the transplanted cells to enter the brain from the periphery. However, when the BBB is compromised, the inflammatory response from circulation may also be able to penetrate the brain and thus may actually exacerbate the stroke rather than afford therapeutic effects. We discuss how an NF-kB decoy can inhibit the inflammatory responses in the stroke brain thereby reducing the
negative effects associated with BBB disruption. In this review, we propose the combination of mannitol-induced BBB permeation and
NF-kB decoy for enhancing the therapeutic benefits of cell therapy in stroke.
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INTRODUCTION
Cell therapy continues to be an experimental therapy for neurodegenerative and hematologic disorders [1-3]. Many diseases,
including those characterized by inflammatory, traumatic, degenerative and autoimmune alterations, have been examined as target
indications for stem cell application.
Stroke is the third main cause of death and the first cause of
chronic disability in the United States [4]. Unfortunately, treatment
for stroke remains limited. To date, the only FDA-approved treatment for ischemic stroke is tissue plasminogen activator (tPA),
which has a narrow time window of only approximately 4.5 hours
after the onset of stroke symptoms. Approximately only 3-5% of all
patients that suffer a stroke benefit from tPA, primarily due to the
narrow therapeutic window [5]. The lack of available therapies and
the devastating effects of these diseases compel researchers and
clinicians to find more effective treatments.
Transplantation of stem cells has shown great potential as an
alternative therapy for stroke, especially with its wider therapeutic
window. Investigations into the mechanisms underlying stem cellmediated functional recovery have focused on the transdifferentiation of stem cells, but a majority of these studies have failed to
show that stem cells of hematologic origin are able to differentiate
into a neuronal phenotype [6, 7]. Therefore, the therapeutic efficacy
of these cells has been proposed to be achieved via the chaperone
effect. Due to their logistical advantages (e.g., low risks to baby and
mother, ample supply of cells, and very young donor age) and
minimal ethical concerns, human umbilical cord blood (HUCB)
cells seem as an ideal source for cell therapy [8].
The two major mechanisms implicated in the functional recovery exerted by cell therapy advance the concepts that transplanted
cells: a) actually replace the damaged host cells and b) serve as
transport vehicles to deliver neurorestorative substances such as
neurotrophic, angiogenic/vasculogenic, and anti-inflammatory factors. In many studies utilizing stem cells for transplantation very
few grafted cells survive, but neurological deficits are attenuated in
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both animal models and patients with central nervous system (CNS)
disorders [9, 10]. Indeed, functional recovery in stroke ensues without graft cell entry into the CNS, granting that therapeutic molecules exuded by these cells crossed the BBB and reach the injury
site or alternatively promote recovery via a peripheral mechanism
such as an effect upon the spleen [11, 12].
The aim of this review is to analyze the preclinical evidence
that shows transplantation of HUCB cells delivered in conjunction
with mannitol via intravenous delivery presents as an effective and
efficient method for delivery of neuroprotective trophic factors to
the site of injury in the brain for the amelioration of stroke-related
deficits [13]. Further, new research has shown promising results
regarding the neuroprotective effect of the inhibition of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-B)
which reduces deleterious inflammation at the injury site [14]. Because the permeation of the BBB with mannitol may allow systemic
inflammation to exacerbate stroke, the combination of HUCB cell
transplantation and NF-B should be considered to realize the mannitol- facilitated CNS entry of stem cell-derived neurotrophic factors while suppressing the deleterious effects of peripheral inflammatory response.
BLOOD BRAIN BARRIER: THE PIVOTAL BARRIER FOR
CNS HOMEOSTASIS
The blood-brain barrier provides physical protection and regulates homeostasis within the brain [15]. The selective nature of this
barrier is vital to protect the CNS and maintain its essential functions. The BBB is comprised of endothelial cells, which restrict the
movement of molecules into the brain. The BBB consists of not
only endothelial cells but also tight junctions and astrocytic endfeet, which support the selective permeability of this barrier.
Due to the fact that molecules larger than 400 daltons are unable to cross the BBB, strategies to disrupt the BBB have been developed to allow for the delivery of therapeutic agents to the CNS
[16-17]. Intracerebral delivery of stem cells has been utilized to
physically bypass the BBB, allowing cell deposits into specific
regions of the injured brain. However, the invasiveness of intracerebral transplantation may pose trauma and surgical complications
to the patient, suggesting that a minimally invasive transplant procedure may be more practical in the clinic [18]. The challenge for a
minimally invasive peripheral administration route is the presence
of the BBB. For the transplanted cells to optimally penetrate the
BBB and enter the brain from the periphery, the administration of a
© 2012 Bentham Science Publishers
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BBB permeabilizer, such as mannitol, may be needed as an adjunct
therapy. The infusion of hypertonic solutions can also be used for
chemical disruption of the BBB [16]. These agents act by shrinking
the endothelial cells that comprise the BBB and stretch the tight
junctions, an integral part of the barrier [16]. BBB disruption can
result from the delivery of agents such as mannitol, glucose, prodrugs, molecular Trojan horses, and polymeric nanoparticles [14,
19, 20].
Mannitol has been coupled with HUCB cells delivered intravenously to increase the permeability of the BBB to macromolecules
[12, 14]. However, with the BBB already compromised after stroke
and the secondary injury ensuing thereafter including systemic
inflammation contributing to the disease progression [14], the
treatment with mannitol may have an unintended consequence of
further permeabilizing the BBB that can lead to additional CNS
recruitment of inflammatory response from the periphery. Inflammation is an immediate response to injury due to the activation of
transcription factors [21], thus disrupting the BBB requires regulation of the inflammatory response generated by the injury and the
agent which disrupts the BBB.
Acute inflammation accompanies the early stages of stroke
which can result in detrimental side effects including contradicting
the therapeutic benefits of stem cell therapy. Any treatment regimen
must address the inflammatory response to injury, which may be
exacerbated by mannitol-induced BBB permeation. Approaches
focusing on the inhibition of signaling pathways involved in the
inflammatory response may be a viable option [14]. We have subdivided this review paper into these two major topics, namely the
use of mannitol for BBB permeation to aid the CNS entry of peripherally administered stem cells, and the use of NF-B to abrogate the systemic inflammation as a result of BBB permeation.
THE CHALLENGE: BBB PERMEATION FOR SELECTIVE
CNS ENTRY OF STEM CELLS WHILE BLOCKING INFLAMMATORY CELLS
The restrictive permeability of the BBB makes delivery of
stroke therapies to the brain from peripheral sites challenging [14].
The BBB can be temporarily disrupted via osmotic means [14].
Mannitol works by shrinking endothelial cells and stretching tight
junctions thus allowing the penetration of molecules through the
membrane of the BBB [14]. Although BBB permeation may facilitate stem cell transplantation via the peripheral route, such BBB
damage may also stimulate systemic inflammation. Inflammation is
a natural immune response, however it can overshadow therapeutic
benefits and may even exacerbate stroke [14]. Therefore, strategies
must be designed to combat inflammation by arresting the systemic
inflammatory response while still allowing the entry of stem cells
and therapeutic drugs into the brain [8].
The transcription factor NF-B plays a key role in endothelial
cell activation and the inflammatory response [14]. Endothelial
cells are a main component of the BBB, while NF-B activation
leads to an inflammatory response in BBB. New therapeutic approaches work to inhibit NF-B activation in the BBB and thus
allow entry of molecules through the membrane without subsequent
inflammation.
ISCHEMIC INJURY: ITS CURRENT STATUS AND POTENTIAL TREATMENTS WITH STEM CELLS
Ischemic stroke occurs when oxygen and blood to the brain
have been disrupted by obstruction, usually as a consequence of
plaque or other fatty deposits. It is estimated that approximately two
million brain cells die every minute that the tissue is deprived of
oxygen and glucose [22]. Permanent damage and even death may
result if blood flow is not restored to the penumbra in a timely
manner. Due to the limited treatment options for stroke, different
therapeutic modalities are being explored for stroke. Although tPA
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helps protect from ischemic damage, it unfortunately has a limited
therapeutic window of approximately 4.5 hours post-ischemia.
As mentioned earlier, stroke is the third cause of death in the
United States and is the main cause of disability [22]. Drug therapy
has a dismal record for the treatment of stroke in the clinical setting.
The narrow therapeutic window for therapeutic intervention in
stroke is partially due to the fact that therapeutics cannot cross the
BBB therefore they cannot enter the brain. Stem cells may have a
wider therapeutic window than the current 3 hour therapeutic window of tPA, but are subject to the same logistical limitations of
drug therapies in terms of crossing the BBB. Stem cells that are
administered peripherally (i.e. intravenously) may not be able to
cross the BBB and enter the brain. Strategies designed to achieve
BBB permeation are needed for optimal therapeutic efficacy of
stem cells for stroke.
Stem cell based therapy is currently being explored in many
neurological diseases. Embryonic stem cell characteristics include
high plasticity, trophic support, and proliferation [23, 24]. However,
due to the high proliferative capacity of embryonic stem cells, they
also carry the risk of tumor formation following transplantation.
Unlike embryonic stem cells, adult stem cells display low risk of
tumor formation, thus they may be a better stem cell source for
transplantation. Emerging evidence suggests that adult stem cells
have neurorestorative capacity, extending the time window of opportunity they offer for rehabilitation [25]. Neurorestoration is advantageous later on as treatment due to its stable baseline deficit
[25]. Thus, the stroke patients that missed the narrow tPA therapeutic window may benefit from neurorestorative therapies.
Stem cell delivery in stroke by intravascular methods is less
invasive than intracerebral transplantation. For patients that seek
therapy during the acute stages of stroke may benefit from intravenous delivery since chemoattractant cues at this early stage of the
disease are highly upregulated and may stem cells to migrate from
the periphery to the brain [25]. Intracerebral delivery of stem cells
has shown to be more advantageous in the chronic phase of stroke
since the signaling pathways that attract the stem cells to the injured
brain may have already waned [25].
Since the peripheral method of transplantation is preferred and
is a more feasible approach in the clinical setting, overcoming the
BBB restrictive features are vital to improving this therapeutic
method. Hence, the ultimate goal is to get the stem cells across the
BBB without the risk of inflammation or rejection so that they may
initiate the repair process immediately after stroke onset. HUCB
cells are explored in this review based on our long-standing interest
in this easily accessible stem cell population, as well as minimal
ethical concerns [12, 13, 19, 26].
HUCB AS AN EFFICACIOUS STEM CELL SOURCE FOR
TRANSPLANT THERAPY IN STROKE
As noted above, two schools of discipline advance the concept
of therapeutic benefits of cell therapy, namely cell replacement and
bystander “neurotrophic factor” effects. In stroke, neuroprotection
can be provided by systemic delivery of HUCB cells intravenously
[12]. This neuroprotection is provided by the neurotrophic factors
released by the grafted cells whether by direct effect at the injury
site or peripherally [6]. HUCB cells do not cross the BBB when
delivered peripherally therefore common evaluation techniques,
such as visualization of the stem cells within the brain could not be
utilized [12]. Instead, researchers use infarct volumes, behavioral
testing, immunohistochemistry, ELISA, and blood concentration
levels of neurotrophic factors such as GDNF, NGF, and BDNF to
evaluate the effect of HUCB cells as a treatment for acute ischemic
stroke [12]. Neurotrophic factors are considered neuroprotective
and must also cross the BBB in order to reach injured brain tissue
[23]. Intravenous delivery of HUCB cells was evaluated using four
treatment protocols: HUCB cells (200,000 cells) with mannitol;
HUCB cells with phosphate buffered saline (PBS); PBS alone (ve-
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hicle); and mannitol alone. HUCB cells were delivered by injection
into the jugular vein over 10 minutes [12]. PBS was also delivered
through the jugular vein for 10 minutes. Immediately following the
initial injection, mannitol or PBS was delivered over 5 minutes to
the HUCB group and the PBS group [12]. This intravenous delivery
in animals was carried out immediately during the sixty minute
occlusion [12]. This type of protocol may not be feasible in the
clinic; however, other studies have tested HUCB delivery at 24 and
72 hours post stroke [12, 14].
The HUCB grafted cells improved motor and cognitive performance [12]. Behavioral testing was done at day 3 after stroke
because it was determined that at this time point the infarct volume
was at its maximum [12]. These tests measured motor asymmetry
by using the elevated body swing test (EBST) and passive avoidance test to measure cognitive performance by acquisition time, and
retention time of tasks. Cognitive and motor deficits were reduced
in animals treated with HUCB/mannitol [12]. Reduced cerebral
infarct volumes were also seen in this experiment although mannitol was not shown to reduce edema [12].
Furthermore, there was an absence of detectable HUCB grafts
in the stroke brain. GFP-labeled HUCB cells were not found in the
brain of the stroke animals [12]. Immunohistochemistry was also
employed to detect the human-specific N-CAM in the brain. This
test also revealed that no HUCB cells resided in the brain of the
subject animals. Thus the grafted cells did not cross the BBB. This
was true for both HUCB treatment groups [12].
Although HUCB cells were not detected in the brain they were
found in three organs. Human N-CAM positive cells were discovered in these peripheral tissues at day 3 [12]. This was found in
both HUCB groups. HUCB cells show sufficient mobility and
growth in tissue. Thus, HUCB cells can travel to the brain; however
they cannot infiltrate the BBB to access the ischemic site.
HUCB GRAFT NEUROPROTECTION BY TROPHIC FACTOR MEDIATION
In the pioneering stroke study using stem cell therapy and mannitol [12], HUCB cells did not penetrate the BBB, however cognitive improvements were shown. These results suggest that HUCB
cells either produced a direct trophic effect on the damaged tissue
by secreting neurotrophic factors in to the blood stream or the
HUCB cells elevated the endogenous levels of trophic factors by
inducing existing cells to produce neurotrophic factors. Elevated
brain levels of glial cell line-derived neurotrophic factor (GDNF)
were found at day 3 in HUCB/mannitol treated rats [27]. GDNF
plays a key role in neuroprotection and its presence in the brain has
been correlated with reduced cognitive and motor deficits post stroke. This was tested by exposing HUCB cells to antibodies against
GDNF, nerve growth factor (NGF), and brain-derived neurotrophic
factor (BDNF) before transplantation [27]. The HUCB/mannitol
treatment was given as before and the benefits of this treatment
were ameliorated by the antibodies, thus blocking the protective
effects [12]. This experiment lends evidence to a direct link
between the neurotrophic factors and neuroprotection.
The next step was to determine the source of the trophic factors.
In order to show that HUCB cells are an effective treatment option
even in when administered peripherally, the trophic factors must be
traced back to the HUCB cells. This was determined by the blood
concentration of each trophic factor measured in circulating blood.
The concentrations of control animals to HUCB treated animals
were compared to determine if endogenous cells or the grafted cells
are the source of the trophic factors. Enzyme-linked immunosorbent
assay (ELISA) found low, yet detectable levels in comparison to the
control group [12]. This concentration was only found in the
HUCB/mannitol treatment group, no detectable levels were found
in the other three groups [12]. The peripheral organs that tested
positive for HUCB graft cells were tested for the presence of trophic factors as well. Both HUCB treatment groups showed signifi-
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cant elevations of trophic factors above the control group. The vehicle and mannitol only groups showed a low detection above the
control groups [12].
STEM CELL THERAPIES IN ANIMAL MODELS OF NEONATAL HYPOXIC-ISCHEMIC INJURY
Neonatal hypoxia-ischemia (HI) brain injury defines in neonatal
encephalopathy, neonatal stroke, or cerebral palsy, and is a major
cause of disability in neonates [29]. HI brain injuries are considered
acute ischemic insults [29]. Neonatal hypoxia-ischemia brain injury
in rat models was developed by Vannucci [29-31]. This model was
developed to experimentally mimic neonatal brain injury [29]. One
of the treatments in neonatal encephalopathy includes mild systemic hypothermia [32-34]. Acute ischemic injuries to the brain
involve cell therapy that is preferably administered via intravenous
injection [35]. While acute injuries focus on neurorestorative elements, HUCB cells administered peripherally may also provide
neuroprotection [35, 36].
As in adult stroke animal models, the age of the animal plays a
key role in brain plasticity [29]. The brain plasticity of young animals influences the outcome of HI injuries and may affect the
therapeutic outcome of stem cell treatment [29]. Gender of the neonate is also an important factor in the outcome of HI injury recovery [29]. Even without treatment, young female rats show smaller
infarct volumes compared to their male counterpart males [29].
Unlike adult stroke injury, spontaneous cognitive recovery during
the early stages of insult can occur in neonatal brain injuries [35].
This spontaneous recovery must be accounted for in behavioral
testing by long-term monitoring and measured evaluation [35].
Similar to the concept of combined stem cell therapy and mannitol in adult stroke, this experimental treatment has been tested in
neonatal HI [13]. Intravenous administration of HUCB cells 24-72
hours after injury with a dose as low as 200,000 cells can produce
significant behavioral improvements [13]. Further work in HUCB
cell therapy in neurological disorders is warranted.
When transplanted with HUCB cells, mannitol was demonstrated to improve behavioral recovery of HI damaged animals via a
series of motor tests conducted 7 and 14 days after transplantation
[13]. However, neither mannitol nor vehicle alone showed any cognitive improvement. This study shows strong evidence that mannitol combined with HUCB cells enhances the recovery of neurologically injured animals. Furthermore, ANOVA analysis demonstrated
that in transplanted HI injured animals, CNS growth factors were
upregulated by mannitol combined with HUCB [13]. This combination of HUCB with mannitol increased GDNF, NGF, BDNF growth
factors levels in the CNS and other trophic factors, which may have
a role in the observed functional improvement as previously mentioned [13]. However, no trophic factors were detected in the peripheral blood nor were HUCB survival increased with mannitol
treatment. Both of these findings support the hypothesis that the
therapeutic outcome detected is not based on graft survival per se
but through the mechanism of entry of neuroprotective and neurorestorative cells into the CNS and that the functional recovery seen
was mediated by the increased of trophic factors after injection of
HUCB with mannitol in HI injured animals.
Functional improvement was observed in HUCB cell transplantation with mannitol were greater than the improvements observed
in IV administered HUCB cells alone. The EBST and Rotarod tests
showed amelioration of behavioral deficits by 40-50% through
improvements observed in motor asymmetry and motor coordination 7 and 14 days after transplantation of HUCB with mannitol
[13]. Extended examination of motor tasks should be explored further and be used to determine the optimal therapeutic conditions for
HUCB and mannitol transplantation in HI. Also, investigations in
cognitive abilities by testing learning and memory should also be
explored in HI models with HUCB and mannitol treatment.
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In both adult stroke and neonatal HI, mannitol significantly
reduced the therapeutic effective dose of HUCB. For the neonatal
HI, the cell dose is 15,000 [13] which is lower compared to the cell
dose of 200,000 we used in the previous study [12]. When these
doses are combined with mannitol they mirror the effects that were
reported with higher doses (>500,000) without mannitol [28, 36].
The possible explanation could be the high capability of plasticity
of the neonatal brain as compared to the adult brain. Whereas the
initial protocol was for the donor cells to be injected shortly after
ischemic injury, it was identified that cerebral palsy does not occur
until a few day or weeks after birth. Therefore, the time of transplantation was adjusted to strengthen the clinical application of this
potential treatment in cerebral palsy. We demonstrate that even one
week after injury, mannitol allowed for the therapeutic effects of
HUCB to occur [12], suggesting that BBB passage in neonates is
key for the functional outcome via peripheral administration.
As noted above, our previous study in adult stroke indicated
that the BBB opening produced by the insult was not enough to
allow trophic factors to secrete into the brain, thus exogenous manipulation was needed [13]. BBB may not completely be developed
in the neonatal rats but is still capable of blocking factors from
entering as proved in the neonatal animals that received HUCB
cells alone without mannitol. Conversely, mannitol with HUCB
cells when transplanted into neonatal rats showed an increase in
CNS levels of growth factors, inferring that even an incomplete
BBB needs to be bypassed to allow entry of growth factors. A BBB
disturbed by mannitol aids in mobilization of graft derived trophic
factors to be in the brain for their desired outcomes. Experimentation shows strong evidence that HUCB grafts were the source of
growth factor levels in the brain based on the lack of those growth
factors in HI animals that received vehicle or mannitol solely.
The HI neonatal rat model [22, 30-31] used in our study [13]
has mimicked the damage and malformations seen in cerebral palsy
newborns. HI injury leads to hippocampal cell loss and allows for
potential therapeutic for cerebral palsy [37, 38]. This neurologic
disorder typically occurs during childbirth but can manifest within
the first two years of life and may be caused by a number of factors,
including intrapartum asphyxia, genetic syndromes, brain infections, head injury, accidents, abuse, or neglect [38-44]. Currently
there is no cure for cerebral palsy, but treatments such as drugs or
rehabilitation therapy have proven effective in reducing the symptoms [43]. Accordingly, these neonatal HI results [13], combined
with the adult stroke study [12], suggest that BBB permeation by
mannitol advances the therapeutic potential of intravenous transplantation of HUCB cells for cerebral palsy. Indeed, clinical trials
of HUCB transplantation have been initiated in cerebral palsy patients, and it may be envisioned that mannitol as an adjunct therapy
may further improve the clinical outcome.
Despite the many advantages of HUCB cells for both adult
stroke and neonatal HI, we are cognizant of the inflammatory responses from the systemic circulation that may be exacerbated by
strategies designed to manipulate the BBB permeability. To this
end, we propose the use of an anti-inflammatory approach that may
be used as an adjunct therapy to HUCB transplantation and mannitol treatment.
POTENTIAL THERAPEUTIC BENEFITS OF MANNITOL
AND NF-KB
Mannitol is an obligate extracellular solute that is used as a
delivery system for drugs or therapeutic agents directly into the
brain [45]. Mannitol works by shrinking endothelial cells hyperosmotically, and this in turn concurrently stretches the tight junctions
allowing for the passage of molecules through the membrane [45].
The optimal time for drug or cell delivery with the use of mannitol
is about 30 minutes [45]. As discussed above, mannitol has assisted
peripheral stem cell delivery to the adult and neonatal injured brain
as a hypertonic agent. However, to counteract the unintended con-
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sequence of mannitol administration, inhibition of signaling pathways associated with inflammation have been studied to enhance
the therapeutic potential of combined mannitol and stem cell therapy in ischemic models. During ischemic brain injury, specific
genes that induce inflammation are transcribed. Following hypoxic
or ischemic brain insult, endothelial cells are a major target of CNS
injury. When the endothelial cells are damaged by stroke, cerebral
blood flow may be halted leading to a compromised BBB resulting
in leakage and hence increased permeability and edema. Post
ischemic insults to the endothelial cells may also increase leukocyte
adhesion and consequently activate an inflammatory response [21].
Pro-inflammatory transcription factors are activated post stroke and
include NF-kB which code for inflammatory genes and cytokines.
Secondary injury is targeted for post-stroke treatment and a way to
manage this is by inhibiting the inflammatory response associated
with stroke [21].
Swelling and inflammation occurs briefly after stroke in
ischemic areas [46]. This inflammatory result is characterized by
microglial activation, edema, and leukocyte infiltration, [44, 47, 48]
and is enhanced by cell migration from the blood which coalesce
with release of cytokines, free radicals, and microglial and astrocytic activation. With all of these responses working together, the
neurotoxicity is amplified and negates the healing effects that inflammation is supposed to have, and has been suggested that it
promotes nervous tissue secondary damage [49].
A novel approach to suppress this inflammatory response is to
inhibit NF-kB activation so that these inflammatory factors are not
encoded for initiation of inflammation. ICAM-1 is the target gene
that is explored for this inhibition. ICAM-1 expression by endothelial cells results in enhanced leukocyte adhesion and permeation of
BBB [21]. An oligonucleotide decoy, which bears a DNA binding
sequence for NF-kB, has been shown to compete with NF-kB for
binding. Transcriptional decline of NF-kB was achieved by this
decoy and consequently ICAM-1 transactivation was also diminished. This study used mannitol to assist the delivery of the decoy
into the endothelial cells, since it is known to disrupt the BBB and
so that inhibition could occur. It can be envisioned that once inflammation has subsided, injection of HUCB can be employed to
enhance the repair of functionality in the damaged regions of the
brain Fig. (1). This innovative strategy advances the notion that
stem cell therapy with mannitol and NF-kB decoy may allow a
highly regulated entry of stem cells across the BBB, while reducing
the stroke-induced inflammatory and therefore the secondary damage associated with the disease evolution.
Strategies to inhibit the molecular mechanisms that cause inflammation after stroke have been studied [14]. Specific transcription factors were employed to inhibit the expression of trophic factors that are known to produce inflammation. In vitro culture of two
cell lines under cytokine-induced and hypoxia-reoxygenation (H/R)
induced inflammation were used to measure the protein expression
and effect of inhibition. These inflammations are caused by the
expression of ICAM-1. Researchers attempted to create a targeted
genetic disruption of NF-B which leads to the activation in human
brain microvascular endothelial (HBME) cells and IT-1 cell lines.
NF-B plays a key role in endothelial cell activation. Endothelial
cell activation is part of a normal inflammatory response. Reducing
the inflammatory response after stroke can produce neuroprotective
effects [14]. NF-kB activation through cytokine or H/R induced
inflammation results in the up regulation of ICAM-1 [14]. The
ICAM-1 molecule is involved in the immune response by stabilizing cell signaling which induces inflammation [14]. TNF- is a
cytokine which induces the activation of NF-B. Three types of
NF-B decoys (TFD) were employed to determine which would
best manipulate ICAM-1 transcription and thus reduce inflammation [14].
ICAM-1 is one of the inflammatory endothelial genes in the
human genome. The transcription of these genes leads to the activa-

3674 Current Pharmaceutical Design, 2012, Vol. 18, No. 25

Hess et al.

B

D

C

Brain

Brain

Brain

Periphery

Periphery

Periphery

Inflammation
Stem Cells or Therapeutic Drug

HUCB Cells

NF -kB Decoy

NF -kB Decoy

Periphery
y

Stem Cells or
Therapeutic Drug

Stem Cells or Therapeutic Drug

HUCB Cells + Mannitol

Brain

Stem Cells or
Therapeutic Drug
Inflammation

Inflammation After HUCB Cells +
Mannitol Injection

NF-kB Decoy + HUCB Cells +
Mannitol

Fig. (1). The blood brain barrier under normal condition limits access of many stem cells and therapeutic drugs from the periphery to the brain (A). Following
stroke, BBB breakdown ensues, allowing entry of stem cells into the brain which is enhanced by mannitol injection (B). However, stroke-induced BBB leakage may also allow entry of pro-inflammatory molecules thereby exacerbating stroke pathology (C). The combination of mannitol-aided stem cell transplantation with NF-kB decoy may lead to an improved regulation the BBB by allowing stem cells to penetrate the brain, while reducing the stroke-induced inflammatory response.

tion of endothelial cells. Once endothelial cells are activated, they
upregulate the surface expression of cell adhesion molecules and
secretes cytokines. Cytokines act by sequestering neutrophils in the
ischemic zone [14]. Since many pathways are involved in the gene
expression of inflammatory endothelial cells, NF-kB was identified
as a common pathway involved in the upregulation of multiple
genes because it binds to a number of genes involved in the inflammatory response. In the resting state, NF-kB is bound by an
inhibitor, IkB, in the cytoplasm. After phosphorylation by IKK, IkB
is degraded by the proteasome [10]. This degradation of IkB releases NF-kB, which travels to the nucleus where it binds to ciselements in the promoters of genes involved in the inflammatory
cascade [14]. Transcriptions factor “decoys” (TFD) are doublestranded oligodeoxyribonucleotides that compete with endogenous
proteins for the binding at the regulatory regions of gene promoters
for the binding of transcription factors [14].
The IT-1 and cultured HBME cell lines were exposed to three
treatment protocols to determine specificity of TFD to the host
DNA: NF-kB TFD, a mutated NF-kB TFD, and a scrambled TFD.
The mutated NF-kB TFD contained a mutated sequence with a
change in 3 bases in the NF-kB binding site and the scrambled TFD
contained a scrambled genetic sequence at the binding site. The
sequences reflect specific binding of NF-kB, rather than the nonspecific effects of the full oligonucleotide. Both cell lines were
subjected to hypertonic loading with mannitol, which allowed the
TFD proteins to pass through the plasma membrane. Mannitol was
able to transfect the TFD into the endothelial cell nuclei [14]. After
a recovery period, cells were stimulated with TNF- or placed in
the hypoxia chamber [14]. Although the TFD was able to permeate
into the nuclei of all cell lines, only the NF-kB TFD was able to
competitively bind to the host DNA and inhibit gene expression.
The inhibition of NF-kB blocks the upregulation of ICAM-1. This
was shown through detecting ICAM-1 mRNA levels through
Northern Blot analysis and the specificity of NF-kB TFD binding
and surface expression of ICAM-1 was determined through electrophoretic mobility shift assay (EMSA).

Targeting inflammation by interrupting the signal cascade is an
approach that is commonly used for various therapies. Inhibiting
NF-kB, with the use of an oligonucleotide decoy, reduces the levels
of ICAM-1 in the nucleus and on the surface of endothelial cells.
Loss of this protein reduces the harmful inflammatory response
usually activated after a stroke. Since the source of inflammation
may not affect the inhibitory action of NF-kB decoy, this treatment
can likely attenuate stroke-induced central and systemic inflammation.
CONCLUSIONS
Cell therapies are a revolutionary treatment for neurodegenerative diseases. Similar to traditional drug therapies, experimentation
must determine many factors for the safety and efficacy of stem cell
treatments such as the correct dose, delivery route, and optimal time
of intervention [50]. Stem cell lines must be validated through multiple laboratories with different animal models before clinical trials
can be authorized [50]. This year, the National Institute of Health is
studying the safety and efficacy of stem cells used as treatment for
stroke in clinical trials at various stages of recruitment and completion [51]. Eight stem cell products are being evaluated in these trials
[50]. Laboratory experimentation is crucial to confirm the mechanisms by which particular stem cells, like HUCB cells, provide
their neuroprotective as well as neuroregenerative effects in stroke
treatment [52-56]. The key to maintaining parallel and thus confirmatory experimentation requires the use of standard protocols for
stem cell therapies. The experimental design paradigms created by
Stroke Therapy Academic Industry Round Table (STAIR) and
Stem cell Therapeutics as an Emerging Paradigm in Stroke
(STEPS) have developed guidelines imperative to successful translation of stem cell treatments from the lab to the clinic [52-56].
Future work should focus on HUCB cell treatment which includes
mannitol and NF-B decoys in small and large animal models.
These animal models must be fully tested to determine possible side
effects of the inhibition of NF-B. Experiments must isolate the
effects of mannitol alone and the NF-B decoy while monitoring
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the system in vivo. Other transcription factor decoys should also be
identified and tested for use with stem cell therapy. Signaling pathways are complex communication systems that require careful
navigation when inhibition is triggered upstream as in the case of
NF-B. Guidelines put forth by STAIR and STEPs must be carefully considered throughout the lab-to-clinic translational process.
Experimentation with mannitol has shown significant improvement in cell therapy. Mannitol is an effective BBB permeabilizer that has been shown to be effective at lower concentrations
and may allow for the earlier entry of stem cells into the injured
brain. HUCB in conjunction with mannitol and NF-B decoys may
serve as a valuable method of neuroprotection and neurorestoration.
Additional laboratory studies are warranted to examine the safety
and efficacy of the combination of HUCB transplantation with
mannitol and NF-B decoys, including optimization of the optimal
dosage, route, and timing of delivery of the combination therapy
after stroke.
Although this review focuses on stem cells in combination with
mannitol and NF-B as a potential therapeutic for ischemic stroke,
the same method of BBB permeabilization can similarly be applied
to facilitate the entry of therapeutic drugs from the periphery to the
diseased brain, while suppressing systemic inflammation. In addition, whereas this review focuses on stroke, other CNS disorders
characterized by BBB damage may benefit from the peripheral
administration of stem cells with NF-B decoy treatment. DCH is
funded by NIH NS 055728.
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