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Abstract

Treatment of traumatic brain injury (TBI) is still an unmet need. Cell therapy by human umbilical cord blood (HUCB) has

shown promising results in animal models of TBI and is under evaluation in clinical trials. HUCB contains different cell

populations but to date, only mesenchymal stem cells have been evaluated for therapy of TBI. Here we present the

neurotherapeutic effect, as evaluated by neurological score, using a single dose of HUCB-derived mononuclear cells

(MNCs) upon intravenous (IV) administration one day post-trauma in a mouse model of closed head injury (CHI).

Delayed (eight days post-trauma) intracerebroventricular administration of MNCs showed improved neurobehavioral

deficits thereby extending the therapeutic window for treating TBI. Further, we demonstrated for the first time that HUCB-

derived pan-hematopoietic CD45 positive (CD45 + ) cells, isolated by magnetic sorting and characterized by expression of

CD45 and CD11b markers (96–99%), improved the neurobehavioral deficits upon IV administration, which persisted

for 35 days. The therapeutic effect was in a direct correlation to a reduction in the lesion volume and decreased by

pre-treatment of the cells with anti-human-CD45 antibody. At the site of brain injury, 1.5-2 h after transplantation, HUCB-

derived cells were identified by near infrared scanning and immunohistochemistry using anti-human-CD45 and anti-

human-nuclei antibodies. Nerve growth factor and vascular endothelial growth factor levels were differentially expressed

in both ipsilateral and contralateral brain hemispheres, thirty-five days after CHI, measured by enzyme-linked immu-

nosorbent assay. These findings indicate the neurotherapeutic potential of HUCB-derived CD45 + cell population in a

mouse model of TBI and propose their use in the clinical setting of human TBI.
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Introduction

Traumatic brain injury (TBI) represents a major health care

problem and a significant socio-economic challenge world-

wide. According to the Centers for Disease Control and Prevention,

approximately 1.5 million patients are affected each year in the

United States alone and the mortality of severe TBI remains as high

as 35–40%.1 There is an unmet need for efficient treatment mo-

dalities for TBI patients. Post-traumatic brain damage is deter-

mined by a combination of primary and secondary insults.2 The

primary damage is instantaneous and results from the mechanical

forces applied at the time of impact, while the secondary brain

damage evolves over time and shares mechanisms similar to those

occurring after cerebral ischemia.3 A useful pharmacological

model of TBI is represented by the closed head injury (CHI) model,

in which a standardized weight-drop device is causing a focal

blunt injury to the brain through an intact skull.4,5 The resulting

mechanical impact triggers a profound neuronal inflammatory

response within the brain, leading to neurological and cognitive

impairment.6 This model was developed and validated in our

laboratories by characterizing neuroprotective drugs, as well as by

unraveling of pharmacological mechanisms of neurotoxicity and

neuroprotection.1,7

Stem cell–based clinical trials hold promise for the treatment

of various human diseases, including TBI.8 Clinical-grade stem

cells from human umbilical cord blood (HUCB) might provide an

abundant and convenient source of pluripotent progenitor cells de-

void of ethical controversies9 for cell therapy.10 The HUCB contains

multiple populations of stem cells, capable of giving rise to hema-

topoietic, epithelial, endothelial, myotubes, and neural cells.10,11
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These cell populations can be selected based on their expression

of various lineage-specific markers and may be divided into he-

matopoietic and non-hematopoietic stem cells, according to the

expression of hematopoietic-related markers such as CD34 (gly-

coprotein involved in cell-cell adhesion),12 CD133 (glycoprotein,

also named Prominin 1, PROM1)13 and CD45.14 The cell mem-

brane protein tyrosine phosphatase, receptor type C (PTPRC)

CD45 is abundantly expressed on all nucleated hematopoietic cells

and is critical for classical antigen receptor signaling indicated by

the arrested development of B and T cells in CD45 deficient

mice.15,16 CD45 isoforms are expressed on human hematopoietic

cells at different stages of development14 and also are involved in

regulation of adhesion and motility.17 Currently, HUCB is a clin-

ically acceptable source of hematopoietic stem cells for trans-

plantations in patients with malignant and genetic or metabolic

diseases.18 In addition, neurological disorders such as trauma,

stroke and neurodegenerative diseases may represent another target

for cell-based regenerative medicine using HUCB-derived cells.

The therapeutic potential of whole HUCB and derived mononu-

clear cells (MNCs) in neurological disorders was investigated in

animal models of central nervous system damage induced by

hemorrhagic brain injury,19 heatstroke,20 middle cerebral artery

occlusion stroke model,21 spinal cord injury,22 as well as TBI.23

Given the fact that mesenchymal stem cells (MSCs) are frequently

used for cell therapy of neurodegenerative disorders in clinical

trials,8,24 a recent study demonstrated the efficacy of HUCB-

derived MSCs in protecting mice brains after trauma.25 However,

the percentage of MSCs in HUCB is very low and their purification

requires multiple cell-sorting steps, presenting a serious disad-

vantage for translation of this concept into a clinical relevance.26

By contrast, the significantly more abundant population of pan-

hematopoietic CD45-positive (CD45 + ) cells, which can be isolated

in a single step by magnetic sorting, has not yet been evaluated for

its therapeutic potential in TBI.

In the present study, we sought to evaluate the neurotherapeutic

potential of HUCB-derived MNCs and CD45 + cells for the treat-

ment of TBI using the CHI mouse model. We found that the CD45 +

population homed to the site of the brain injury, decreased the

lesion volume, and induced a significant beneficial effect on neu-

robehavioral recovery up to 35 days, after intravenous (IV) ad-

ministration one day post-trauma. Further, treatment of the cells

with anti-human-CD45 antibody was shown to reduce the benefi-

cial effect. The present pre-clinical evaluations of HUCB-derived

CD45 + cells neurotherapeutic effect in TBI model propose their

consideration for translational therapy in the clinic.

Materials and Methods

HUCB collection and separation of CD45 + cells

HUCB was collected according to a protocol approved by Sheba
Medical Center and Israel’s Ministry of Health after obtaining in-
formed consent of the mothers. Placental blood was stored in
ethylenediaminetetraacetic acid–containing bags immediately af-
ter delivery and was used within 24 h. The blood sample volume
was in the range of 70–120 mL, with a median volume of 75 mL.
HUCB-derived MNCs were separated twice on a sterile Ficoll-
Hypaque gradient (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) to increase their purity. Isolated cells were washed with
phosphate buffered saline (PBS; Invitrogen, Carlsbad, CA) and the
cells were counted by hemocytometer. CD45 + cell separation was
achieved via immunomagnetic sorting using mouse monoclo-
nal anti-human-CD45 antibody and MACS CD45 microbeads
(Miltenyi Biotec, Auburn, CA) following the manufacturer’s

instructions. The purity of the separated cells was verified by flow
cytometry analysis using anti-human-CD45 antibody (murine
immunoglobulin G [IgG]1 anti-human-CD45-fluorescein iso-
thiocyanate [FITC], IQproducts, Groningen, the Netherlands) as
described below. After their separation, HUCB-derived MNCs,
CD45 + cells, or non-hematopoietic CD45-negative (CD45-) cells
were evaluated for cell viability using Trypan Blue exclusion
and used immediately for administration. Cell concentration was
adjusted in PBS to 1000, 10,000 or 100,000 cells/lL for in-
tracerebroventricular (ICV) transplantation or 10,000 cells/lL for
IV administration. Unless otherwise stated, the dose of cells for
ICV transplantation was 1 · 105 cells and for IV administration
was 1 · 106 cells.

Fluorescence-activated cell sorting (FACS)

After magnetic separation, HUCB-derived MNCs, CD45 + or
CD45- cells (1 · 106) were washed in FACS buffer (3% fetal bovine
serum and 0.01% sodium azide in PBS) and incubated with one of
the following fluorophore-conjugated mouse anti-human anti-
bodies: CD4-APC, CD11b-FITC, CD20-PE-Cy5, CD90-PerCP-
eFlour 710, CD105-APC, CD184-PE (all from eBioscience, San
Diego, CA), CD34-PE, CD45-FITC (all from IQproducts), CD73-
PE (R&D systems, Minneapolis, MN) and CD133-PE (Miltenyi
Biotec). Isotype-matched immunoglobulins were used as negative
controls. All the steps involving fluorescence were carried-out in a
dark room. Ten thousand events were acquired with a BD LSRII
flow cytometer (BD Biosciences Immunocytometry Systems,
BD Biosciences, San Jose, CA) and plots were generated using the
FCS express 4 plus analysis software (De Novo Software, Los
Angeles, CA).27 Each FACS experiment was repeated indepen-
dently five times.

Scanning electron microscopy (SEM)

HUCB-derived cells were cultured on plastic 8-well chamber
slides (Nunc, Rochester, NY) and fixed with 2% glutaraldehyde
in PBS, pH 7.4, for 2 h. Samples were post-fixed in 1% osmium
tetroxide, dehydrated, sputter-coated with gold, and examined in a
Philips 505 SEM (30 kV).28

Closed head injury model

The study was conducted according to a protocol approved by
the Hebrew University Faculty of Medicine Animal Care and Ethic
Committee, in compliance with National Institutes of Health
guidelines. Adult Sabra male mice weighing 40 g were used for
these experiments and transplanted with HUCB-derived cells or
treated with vehicle (PBS). Five sham-operated mice served as
controls. Food and water were provided ad libitum. Experimental
CHI was induced by using a weight-drop device method devel-
oped4 and modified5 in our laboratory. This is a convenient
model, which provides fronto-parietal cortical injury. Briefly,
surgical anesthesia was induced and maintained with 4% iso-
flurane gas (Terrell�, Piramal Critical Care, Bethlehem, PA) O2

flow rate 1.5 L/min for 8 min, administered through a nose mask.
Respiration rate and depth, as well as palpebral and pedal with-
drawal reflexes, monitored depth of anesthesia. A midline longi-
tudinal incision was performed, the skin was retracted, and the
skull was exposed. The left anterior frontal area was identified and
a tipped Teflon cone was placed 1 mm lateral to the midline. The
head was fixed and a 95 g weight was dropped on the cone from
18 cm height. After trauma, the animals received supporting ox-
ygenation with 95% O2 for no longer than 2 min. After recovery
from anesthesia, the mice were returned to their home cages with
post-operative care and free access to food and water. Sham
controls received anesthesia and skin incision only, but no head
injury was induced.5

1406 ARIEN-ZAKAY ET AL.



HUCB-derived cells administration to CHI mice

One day and/or eight days post-trauma, the mice were an-
esthetized and administered HUCB-derived MNCs, CD45 + cells,
or CD45- cells, or treated with vehicle. Cells were either trans-
planted ICV (10 lL) or administered intravenously (100 lL) into
the tail vein (n = 7-14 mice per group). Each experiment was re-
peated three times. All surgeries and injuries were performed by the
same investigator who was blinded to the treatment allocation
following injury. The experimental paradigm illustrated in Figure 1
shows the different post-trauma time points in which various tests
were performed.

Neutralization of CD45 + antigen from HUCB-derived MNCs
was performed as previously described using anti-human-CD45
antibody (Dako, Glostrup, Denmark), which blocks human CD45
specifically and does not cross-react with mouse CD45.29 Briefly,
cells were neutralized using 0.5 lg anti-human-CD45 antibody/106

cells or anti-human-IgG-control antibody/106 cells (Dako) by in-
cubation for 1 h at 37�C before their administration into CHI mice.

Neurobehavioral evaluation and determination
of the neurological score

Mice were weighed and examined with a standardized neuro-
logic severity score (NSS) up to 35 days post-trauma. During the
first week, testing was performed on Days 1, 2, 3 and 7, and then
once a week until the end of the experiment. Ten different tasks
were used to evaluate motor ability, balance, and alertness of the
tested mice and score points were given for failure to perform a
task, as previously described.30 Loco-motor/balance activity of the
CHI mice was estimated by measuring their walking ability on a 1-,
2-, and 3-cm wide beam.30 The improvement in this measure is
represented by the percentage of mice in the experimental group
that successfully completed the task of walking the full length of
the beam. The pathologic scores correlate well with clinical dis-
ability scores and with the degree of brain edema.5 The first NSS
was obtained at 1 h post-trauma and reflects the initial severity of
injury. NSS at 1 h is predictive of both morbidity and mortality and
also correlates well with the extent of damage seen by MRI.31

While most of the mice (86%) were moderately injured, with a NSS
of 6–7, we included in the study all mice in the NSS range of 6–9 at

1 h post-trauma, reflecting the heterogeneity in the initial severity
of injury. After determination of the initial NSS, mice were ran-
domly separated into the different treatment groups, while keeping
similar mean values of the NSS between the groups. The extent of
recovery is calculated as the difference between the NSS at 1 h and
at any subsequent time point (DNSS).30

Measurements of HUCB-derived cells homing
to the brain using near infrared (NIR) scanning
and CD45 immunohistochemistry

NIR scanning. To trace the administered cells homing to the
brain lesioned area, we employed a technology using epidermal
growth factor (EGF) labeled with NIR dye,32 since HUCB-derived
MNCs were previously shown to respond to EGF.33 Briefly, 0.5-
2 · 106 HUCB-derived MNCs were treated for 30 min at 37�C with
7 nM of the tagged EGF-IRDye800CW (NIR-TAG; LI-COR
Biosciences, Lincoln, NE). The cells were then washed three times
with PBS and 150,000 cells/well were plated in 12-well tissue
culture plates (Nunc). Cell-associated NIR intensity was estimated
using Odyssey� Infrared Imager (LI-COR Biosciences) under
the following conditions: resolution, 170-340 microns; pixel area,
0.03 mm2; quality, medium-low; focus offset, 1-3; channels,
800 nm; intensity, 1-3. NIR intensity in control groups was mea-
sured by treatment of HUCB-derived MNCs with 7 nM of the un-
tagged IRDye800CW (NIR-control) under the same conditions
(providing information about nonspecific absorption of the NIR-
dye to the cells) and by measuring the NIR-TAG binding to tissue
culture plates (noise, background) in the absence of HUCB-derived
MNCs. One day post-trauma mice were intravenously administered
with HUCB-derived MNCs either NIR-TAG-labeled or left unla-
beled (1 · 106 cells/mouse), or treated with vehicle. Additional
control groups included sham, non-injured mice either adminis-
tered HUCB-derived MNCs NIR-TAG-labeled (1 · 106 cells/
mouse), or left untreated. All mice were anesthetized throughout
the in vivo imaging procedures.33 To minimize the NIR background
during the in vivo NIR imaging, the snout and head of the mice were
shaved. Mice were placed in a supine position on the LI-COR
Biosciences small-animal imager of the Odyssey� Imager equip-
ped with the MousePOD instrument, while constant temperature of
37�C was maintained in the chamber.32In vivo NIR images
were taken 1.5 and 5 h as well as one, two, and seven days post-
administration, using the conditions previously described. At each
time point, five mice from each group were randomly sacrificed and
whole brains were dissected. The brains were then placed in PBS in
a 12-well plate (BD Falcon�, BD Biosciences) and immediately
scanned on the Odyssey Imager. The NIR intensity was estimated
semi-quantitatively using Odyssey software.

Immunohistochemistry. Immunohistochemistry was perfor-
med using a floating section staining procedure. For the experi-
ments in which cells homing to the brain were evaluated, brains
were removed 2 h after administration. Mice were transcardially
perfused, under anesthesia, with instilled PBS followed by fixation
with 4% paraformaldehyde in PBS. After perfusion, the brains were
quickly removed and immersed in the same fixative overnight, and
then cryoprotected by immersion in 30% sucrose for 48 h at 4�C.
The brains were then frozen on dry ice and cut serially into 30 l-
thick coronal sections using a cryostat (Leica CM 1850, Leica
Biosystems, Nussloch, Germany) and stored at - 20�C in cryo-
protectant (28% glycerol, 29% ethylene glycol in 0.1 M phosphate
buffer) until assayed. Briefly, the brain sections were washed three
times for 10 min each with PBST (0.1% Triton in PBS, pH 7.4),
treated with blocking buffer (10% normal donkey serum in PBST)
for 2 h at room temperature and incubated with primary antibodies
at 4�C overnight. The following antibodies were used: FITC-
conjugated mouse anti-human-CD45 (1:500; IQproducts), FITC-
conjugated mouse anti-human-IgG control (1:500; IQproducts) and

FIG. 1. Experimental design. Mice were exposed to closed head
injured or sham surgery on Day 0. Human umbilical cord blood-
derived mononuclear cells (MNCs), CD45 positive (CD45 + ) or
negative (CD45-) cells, or vehicle (phosphate buffered saline
[PBS]) was transplanted intracerebroventricularly (ICV) or ad-
ministered intravenously (IV) in the tail vein one and/or eight
days post-trauma. Neurobehavioral tests, cell homing, anatomical
damage, and enzyme-linked immunosorbent assay (ELISA) ex-
periments were performed at the time points indicated.
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mouse anti-human-nuclei monoclonal antibody (1:100; Millipore),
which stains nuclei of all human cell types and does not react with
nuclei from mouse or rat.34 Donkey anti-mouse Alexa Fluor�555
(1:400) was purchased from Invitrogen, Eugene, OR. Antibodies
were diluted in 2% normal donkey serum dissolved in PBST. The
next day, brain sections were washed with PBST three times for
10 min each, and thereafter incubated with the corresponding sec-
ondary antibody. Finally, free-floating brain sections were carefully
mounted on slides, air dried and covered with mounting medium
containing 4¢,6-diamidino-2-phenylindole (DAPI). All the steps
involving fluorescence were carried out in a dark room. Im-
munostained slices were examined in a fluorescent microscope
(Nikon 50i) at magnifications of 100 · or 200 ·. Photographs of
different random fields around the trauma were taken and analyzed
for CD45 intensity levels (mean gray level) using the image J
software (National Institutes of Health, Bethesda, MD). Re-
presentative fields are displayed.

Measurements of brain lesion area and volume

NIR approach. To evaluate the size of the brain lesion area,
mice heads were scanned at 800 nm with Odyssey Imager, as
previously described, 1.5 and 5 h as well as two and seven days
post-administration. The images were transferred to SigmaScan
software, the boundary of the lesioned area was marked and the
lesion areas in identical regions of interest were calculated in mm2.
These conditions enabled evaluation of hemorrhage on the injury
area by measuring the endogenous NIR fluorescence of intracranial
hematoma.35

Histological approach. Twenty one days post-trauma, mice
were deeply anesthetized and perfusion fixed with instilled 4%
paraformaldehyde in PBS. The mice were decapitated and brains
were quickly removed and frozen on powdered dry ice. Frozen
brains were serially sectioned to slices (n = 23-31 per group) of 10-
lm thickness using a cryostat (Leica CM 1850, Leica Biosystems).
Thereafter, the slices were stained with Giemsa stain-modified so-
lution (1:1 in double distilled water; Fluka, Sigma-Aldrich Corpo-
rate, St. Louis, MO) and digitally photographed. The volume of
injured tissue was measured with Image J software (National In-
stitutes of Health). Damaged tissue volume was calculated by di-
viding the volume of the injured/ipsilateral hemisphere (Left) by
that of the non-lesioned/contralateral hemisphere (Right). The re-
sults are expressed as a percentage of hemispheric tissue. Calcula-
tions were performed according to the following formula:

Volume of contralateral�Volume of ipsilateral

Volume of contralateral (right)

� �
· 100

¼Lesion volume (%)

Enzyme-linked immunosorbent assay (ELISA)
measurements of neurotrophins

On Days 3 and 35 post-trauma, ipsilateral and contralateral cortical
and hippocampal tissues (including the tissue above the rhinal fis-
sure)36 were dissected separately, rapidly frozen in liquid nitrogen and
stored at -80�C until analysis (n = 3-4 each group per time point), each
experiment was repeated three times. Frozen samples were thawed and
homogenized at a speed of 30,000 rpm (Polytron PT-MR2100 ho-
mogenizer, Kinematica AG, Lucerne, Switzerland) at room tempera-
ture for 5 min in cell lysis buffer (Cell Signaling Technology, Danvers,
MA) together with a cocktail of proteases and phosphatases inhibitors
(Sigma-Aldrich). Homogenates were kept on ice for 30 min and
centrifuged at 14,000 g for 10 min at 4�C. Lysates were transferred to a
new tubes and protein concentration was determined using the Lowry
method (Protein Assay; Bio-Rad, Hercules, CA) and stored at - 80�C

until assayed. Samples were analyzed for brain-derived neuro-
trophic factor (BDNF), nerve growth factor (b-NGF) and vascular
endothelial growth factor (VEGF-A, both the 165 and 121 isoforms)
using a human BDNF ELISA Kit (Boster Biological Technology,
Fremont, CA), human b-NGF ELISA Development Kit and VEGF
ELISA Development Kit (both from PeproTech, Rocky Hill, NJ).
The amount of neurotrophins in pg/mg wet tissue was calculated
from a standard curve of recombinant BDNF, b-NGF and VEGF
(with sensitivity of 31.2 pg/mL, 16 pg/mL and 63 pg/mL, respec-
tively) and normalized to protein concentrations. Preparation of
plates, solutions and ELISA protocols was performed according to
the manufacturers’ instructions.

Statistical analysis

Statistical analysis was performed using a commercial statistics
package (IBM SPSS Statistics Software, SPSS Inc. Chicago, IL).
Data are presented as mean – standard error of the mean. NSS and
DNSS values in the neurobehavioral evaluations were compared
using the non-parametric Kruskal-Wallis one-way analysis of
variance followed by the Mann-Whitney test between the selected
groups. Data for brain hemorrhage measurements, lesion volume
analysis, NIR intensity, CD45 intensity, and neurotrophin profiles
were evaluated by the Student’s t-test. A p value of 0.05 or less was
considered significant for all comparisons.

Results

Isolation and characterization of HUCB-derived
CD45 + hematopoietic cells

HUCB-derived MNCs isolated from fresh HUCB units are

small, round, and express a rough cell surface morphology (Fig.

2A). Freshly isolated cells were separated by immunomagnetic

sorting using anti-CD45 MicroBeads with a purity of 96% (Fig. 2B)

for the positive cell population and 95.4% for the negative one (data

not shown). Their identification was made by FACS analysis using

a large set of cluster of differentiation (CD) markers. Approxi-

mately 99% of the CD45 + cells expressed CD11b (integrin alpha M,

ITGAM), a typical cell-surface antigen of monocyte cells.27

A minority expressed the stem/progenitor cell markers CD3412 and

CD13313 (Fig. 2B). The expression of the C-X-C chemokine re-

ceptor type 4 (fusin, CXCR4) CD184,37 and of CD4 (glycoprotein,

leu-3, T4) and CD20 (B-lymphocyte antigen), which are T and B

lymphocyte markers,38 was very low, as were the expression levels

of MSCs-specific cell-surface antigens39 such as CD73 (5¢-nucle-

otidase, 5¢-NT, 5.9%), CD90 (Thy1, 0.3%), and CD105 (Endoglin,

END, 4.4%). These results suggest a pan-hematopoietic, non-

mesenchymal origin of the sorted CD45 + cells. Of the CD45 - cells,

only 4.6%, 3.4% and 4.2% expressed the hematopoietic markers

CD45, CD11b, and CD34, respectively (data not shown), indicating

the non-hematopoietic origin of the cells. A very low percentage of

these CD45- cells were found positive for CD133 (5%), CD184

(1.3%), CD4 (2.6%) and CD20 (0.9%) and for the mesenchymal

markers CD73 (1.2%), CD90 (0.6%), and CD105 (0.5%) (data not

shown). An enriched population of MSCs isolated from human

bone marrow, which expressed CD73, CD90 and CD105 at levels

of 98.5%, 99.3% and 99%, respectively, served as positive control

(Fig. 2B, inserts).

Validation of the neurotherapeutic effect of cord
blood derived mononuclear cells

To characterize the neurotherapeutic effect of HUCB-derived

MNCs, we transplanted these cells into the left ventricle of CHI
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mice brains one day following CHI and evaluated neurobehavioral

deficits (NSS) at pre-determined time points post-trauma. The more

rapid, pronounced, and statistically significant decline in NSS, as

seen in the MNCs-transplanted mice compared with those that re-

ceived only the vehicle from Day 7 until Day 35 post-trauma

(Fig. 3A insert), is indicative of a beneficial effect. DNSS, which is

a measure of recovery (each mouse serving as its own control) was

calculated from Day 1 to Day 35 in groups of mice transplanted

with three doses (1 · 104, 1 · 105 or 1 · 106) of MNCs or treated

with vehicle. The most profound functional improvement was ob-

served in mice transplanted with 1 · 105 cells and was statistically

significant, compared with vehicle from Day 3 until Day 35 post-

trauma using Kruskal-Wallis and Mann-Whitney tests (Fig. 3A).

Remarkably, the increase in DNSS persisted until the end of the

follow-up, at 35 days, although the cells were transplanted in a

single dose one day post-trauma. No further increase in the neu-

rotherapeutic effect was achieved by transplanting 1 · 106 cells

(data not shown).

To date, the narrow window for therapeutic intervention, which

is in the range of up to 6 h after TBI or stroke poses several limi-

tations on the efficacy of drug-based therapies.40 Identification of

novel treatments that might extend the window for intervention to

days and even weeks post-trauma is of tremendous need and value.

To address this issue, we compared the effect of HUCB-derived

MNCs treatment given one or eight days post-trauma on functional

recovery for 35 days. Even when transplanted eight days post-

trauma, the cells were able to facilitate recovery, as depicted in

Figure 3B, suggesting a wider window of opportunity to intervene

with HUCB-derived MNCs transplantation than other modalities

currently under consideration. As seen in Figure 3B, the recovery

rate of mice administered vehicle and MNCs-transplantation eight

days post-trauma was similar until Day 7. When MNCs were trans-

planted at Day 8 post-trauma, the recovery reached at Day 14 ap-

proximately the same level as that in the mice transplanted at day one.

This level was maintained until Day 35, when the follow-up was

terminated. Further, DNSS of one day-transplanted mice was found

significant from Day 3 post-trauma.

In the current clinical use of HUCB transplantation, transplan-

tation of two (double) HUCB units is the most promising strategy to

augment the total transplanted cell dose.41 To further identify

HUCB-derived MNCs dosage requirements for therapy against

CHI-induced damage, we transplanted two doses of 1 · 105 cells at

one and eight days post-trauma (Fig. 3C). The recovery was sta-

tistically significant at Days 3–28 for the single dose transplanta-

tion, while the double dose transplanted mice yielded significant

DNSS only at Days 3–7 post-trauma. The lack of significance in the

double dose transplanted mice, at Days 14–28, is probably due to

the small sized group and high variability of standard errors,

therefore requiring additional experimentation. No additional

benefit was observed in DNSS after the second transplantation (Fig.

3C), compared with a single dose transplanted one day post-trauma.

Therefore, these results suggest that in this mouse model of CHI, a

maximal therapeutic effect of HUCB-derived MNCs may be

achieved upon transplantation at a single dose, one to eight days

after the onset of injury.

In spite of the improved neurological function after HUCB-

derived MNCs ICV transplantation (Fig. 3A-C), this cell route of

administration was less investigated than IV. Therefore, to validate

our model, we examined the effect of HUCB-derived MNCs

(1 · 106) upon IV administration to the CHI mice tail vein. As

evident in Figure 3D, the peripheral administration of HUCB-de-

rived MNCs demonstrated a significant improvement on DNSS at

Days 3–35 post-trauma, compared with vehicle, analyzed by Mann-

Whitney test, as previously shown.23

FIG. 2. Human umbilical cord blood (HUCB)-derived CD45 positive (CD45 + ) cells isolation and characterization. (A) Re-
presentative scanning electron microscopy image of HUCB-derived mononuclear cells immediately upon isolation. (B) Representative
fluorescence-activated cell sorting analysis (n = 5) of HUCB-derived CD45 + cells immunophenotype profile after magnetic sorting
separation using CD45 marker. CD73, CD90, and CD105 mesenchymal markers were validated with bone marrow-derived mesen-
chymal cells (inserts).
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Neurotherapeutic effect of HUCB-derived CD45 +

cells upon IV administration

Transplantation of HUCB for translational therapy may in-

clude the use of whole HUCB sample, the isolated MNCs, or

subclasses of MNCs-derived cell populations. Although the

therapeutic potential of HUCB-derived MNCs for the treatment

of brain trauma has been experimentally demonstrated in rats23

and mice (this study), the identity of the cells responsible for the

neurotherapeutic effect out of the heterogeneous MNCs popu-

lation warrants further exploration. HUCB-derived MNCs were

separated according to their CD45 expression and the isolated

populations were evaluated for their ability to reduce neurobe-

havioral deficits upon their IV administration into CHI mice.

Figure 4A depicts the significant effect (expressed as DNSS) at

Days 7–35 in mice administered CD45 + cells, compared with

mice that received CD45- cells or vehicle, only. We then used

human-CD45-blocking antibody to directly inhibit CD45-medi-

ated migration and homing capabilities of the HUCB-derived

MNCs.29 These cells were incubated with anti-human-CD45

antibody before IV administration into CHI mice. Under these

conditions, HUCB-derived MNCs lost their ability to reduce

neurological deficits (Fig. 4A). Upon pre-treatment with anti-

human-CD45 antibody, the DNSS values were similar to those

obtained of mice that received CD45- cells or vehicle and were

statistically significant at Days 7–35, compared with CD45 + -

treated mice. Upon administration of a control group, in which

HUCB-derived MNCs were pre-treated with an IgG-control, a

significant improvement in DNSS was observed, similar to that

improvement seen with non-treated HUCB-derived MNCs (data

not shown). These findings suggest that the CD45 + pan-hema-

topoietic cell population is the major contributor to the neu-

rotherapeutic effect described in Figure 3D.

To identify the individual neurobehavioral tests contributing to

the significant effect shown in Figure 4A, we separately analyzed at

different time points the success rate of the 10 tests composing the

NSS in CHI mice administered either CD45 positive or negative

cells, MNCs-treated with anti-human-CD45 antibody, or vehicle.

Of all these tests we saw a clear effect only in the loco-motor/

balance activity of CHI mice administered CD45 + cells, as mea-

sured by walking on 1-, 2-, and 3-cm wide beams. This improve-

ment was evident with an onset of seven days post-trauma in the

group of CD45 + -transplanted mice and partially inhibited in the

group of mice transplanted with cells treated with anti-human-

CD45 antibody (Fig. 4B). The effect of treatment on other tests of

the NSS was less pronounced, and not significant (data not shown).

These cumulative observations further support the neurotherapeutic

contribution of CD45+ cells to the improvement of loco-motor/

balance activity of CHI injured mice as reflected by the increase in

the DNSS.

FIG. 3. Neurotherapeutic effect of human umbilical cord blood (HUCB)-derived mononuclear cells (MNCs) upon intracerebro-
ventricular transplantation or intravenous administration. Neurologic disability was evaluated at different time points post-trauma for the
extent of recovery (DNSS). *p £ 0.05, compared with the phosphate buffered saline (PBS)-treated group. (A) Mice were in-
tracerebroventricularly transplanted with 1 · 104 (black square), 1 · 105 (black triangle) HUCB-derived MNCs or with PBS (white
circle) one day post-trauma (black arrow); insert- temporal changes in neurological severity score (NSS) (n = 7-11; each group repeated
three times). (B) Mice were intracerebroventricularly transplanted with MNCs (1 · 105) one day (black arrow; black triangle) or eight
days (striped arrow; black square) post-trauma or with PBS at either one day (white circle) or eight days (white triangle) post-trauma
(n = 7-11; each group repeated three times). (C) Mice were intracerebroventricularly transplanted with MNCs (1 · 105), at a single dose
one day (black arrow; black triangle) or a double dose at one day (black arrow) and at eight days (striped arrow; black square) post-
trauma or with PBS at one day (black arrow; white circle) post-trauma (n = 7-11; each group repeated three times). (D) Mice were
intravenously administered at day one (black arrow) post-trauma with MNCs (1 · 106; black triangle) or with PBS (white circle); (n = 7-14;
each group repeated three times).
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Reduction of brain lesion volume upon HUCB-derived
CD45 + cells IV administration

The severity of brain damage was assessed by different mor-

phometric methods. As an indirect approach, we evaluated the size

of hemorrhage on the area of injury by measuring the endogenous

NIR fluorescence of intracranial hematoma.35 In vivo non-invasive

laser scanning of CHI mice heads revealed a significant decrease in

head lesion area 48 h post-administration of HUCB-derived MNCs,

compared with vehicle (Fig. 5A). These data suggest that in HUCB-

derived MNCs-treated brains, less hemorrhage was measured,

implying healing of brain tissue around the site of the lesion.

As an alternative, direct approach, brains from mice adminis-

tered either HUCB-derived MNCs or CD45 + cells, or vehicle-

treated controls were removed 21 days post-trauma. Isolated brains

were fixed, sliced, stained with Giemsa, and evaluated for lesion

volume as percentage of the uninjured contralateral hemispheric

tissue, as described in Materials and Methods. As seen in Figure 5B,

treatment with HUCB-derived MNCs or CD45 + cells yielded a

significant reduction in brain lesion volume by 30–40%, compared

with vehicle-treatment.

Brain homing of HUCB-derived CD45 + cells
upon IV administration

We further exploited a NIR imaging platform and used immu-

nohistochemistry of brain slices stained with anti-human-CD45

antibody to assess the presence of intravenously-administered cells

in the brain. In the first approach, staining of 0.5 · 106 HUCB-

derived MNCs with NIR-TAG generated a distinct fluorescent

signal, which was increased at a higher cell density of 2 · 106

(Fig. 6A). The NIR intensity of the cells was very low in control

FIG. 4. Neurotherapeutic effect of human umbilical cord blood
(HUCB)-derived CD45 positive (CD45 + ) cells upon intravenous
administration. (A) One day post-trauma (black arrow) mice were
intravenously administered (1 · 106) with HUCB-derived CD45 +

cells (black triangle), CD45- cells (black square), mononuclear
cells treated with anti-human-CD45 antibody (solid diamond) or
treated with phosphate buffered saline (PBS; white circle). Neuro-
logic disability was evaluated at different time points post-trauma
for the extent of recovery (changes in neurologic severity score
[DNSS]; n = 11; each group repeated three times). *p £ 0.05, com-
pared with the PBS-treated group. **p £ 0.05, compared with the
CD45--treated group. #p £ 0.05, compared with the CD45 + -treated
group. (B) Loco-motor/balance tests of the four experimental groups
described in A. Mice were examined for their ability to walk on a
beam of 3- (diamond), 2- (square), and 1- (triangle) cm wide.

FIG. 5. Morphometric analysis of brain lesions upon intravenous
administration of human umbilical cord blood (HUCB)-derived
mononuclear cells (MNCs) and CD45 positive (CD45 + ) cells
(1 · 106). (A) Hemorrhage lesion area (mm2) was calculated upon
mice head non-invasive near infrared (NIR) scanning, at different
time points: white bars, phosphate buffered saline (PBS); black
bars, HUCB-derived MNCs. Insert: Typical NIR-fluorescent mi-
crographs of mice head taken seven days after HUCB-derived
MNCs (right) or PBS (left) administration. (n = 5 each group per
time point). (B) Twenty one days after closed head injury, mice
(n = 6 each group) were sacrificed and brain slices were stained with
Giemsa. Representative frontal (upper panel) and parietal (lower
panel) brain sections of HUCB-derived MNCs, CD45+ cells and
PBS treated mice. Marked area is the extrapolated missing brain
piece in the injured area (arrow). Evaluation of lesion volume was
calculated as percentage of contralateral hemispheric tissue.
*p £ 0.05, compared with the PBS-treated mice for both panels.
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slices incubated with the NIR dye alone (NIR-control), indicating

low, non-specific absorption by the cells. Also, in the absence of

cells the non-specific adhesion of NIR-TAG to the plate was neg-

ligible (Fig. 6A). NIR-TAG labeling of the cells in vitro was found to

be stable for a week. One day post-trauma, NIR-TAG labeled 1 · 106

HUCB-derived MNCs were administered intravenously, and mice

heads in vivo (Fig. 6B) and brains ex vivo (Fig. 6C) were laser

scanned at different time points post-administration. The NIR im-

ages of CHI-injured heads upon administering either labeled cells

(Fig. 6B; right) or vehicle (Fig. 6B; left) suggest an increased NIR

signal in the vicinity of the injury site in the brain of mice admin-

istered cells. A more pronounced difference in the NIR-TAG fluo-

rescence intensity is seen in ex vivo images of isolated brains (Fig.

6C), in which there is no background fluorescence originating from

the bleeding around the site of injury. Analysis of NIR intensity of

the isolated brains (Fig. 6D) indicates a significant increase in brain

fluorescence only after 1.5 h post-administration, compared with

vehicle. No further significant fluorescence change was seen at the

different time points post-administration (from 5 h up to seven days;

Fig. 6D). A similar fast homing effect was observed upon IV ad-

ministration of NIR labeled CD45 + cells (data not shown).

In the second approach, brain slices from the different experi-

mental groups were stained with anti-human-nuclei antibody (red,

Fig. 7A) and anti-human-CD45 antibody (green, Fig. 7B) to iden-

tify the administered HUCB-derived MNCs or CD45 + cells. Ty-

pical photos of brain slices focusing on the border line of the

traumatic injury (T, Fig. 7) of mice administered either vehicle or

HUCB-derived MNCs or CD45 + cells stained also with DAPI

(blue), providing an unambiguous proof of the human origin of the

cells. Analysis of CD45 intensity of the brain slices (Fig. 7B) in-

dicates a significant increase in CD45 staining in MNCs- and

CD45 + -treated mice, compared with vehicle.

Altogether, these results indicate that intravenously-administered

cells home to the lesion site of the brain.

Brain levels of neurotrophins upon IV administration
of HUCB-derived cells

HUCB-derived cells secrete neurotrophic and angiogenic factors

which may account, in part, for the observed neurotherapeutic ef-

fects.42 We examined whether intravenously-administered cells

could indeed induce changes in BDNF, NGF, and VEGF levels in

the acute (three days) and chronic (35 days) phases after injury.

CHI mice were intravenously administered HUCB-derived MNCs,

CD45 + or CD45- cells or with vehicle. The cortical contusion, the

bordering hippocampus (both ipsilateral) and the contralateral ar-

eas were dissected and protein levels were analyzed by selective

ELISA assays. BDNF levels in both the ipsilateral and contralateral

brain cortex were significantly increased in the chronic versus acute

phases only in MNCs and vehicle-treated mice. No significant

changes induced by CD45 + or CD45- cells administration were

detected (Fig. 8A). In contrast to BDNF levels, NGF and VEGF

levels were very low in the acute phase and significantly increased

at the chronic phase in all groups (Fig. 8B, C). Interestingly, NGF

levels in MNCs-administered mice were twice as high as the levels

seen in mice administered CD45 + cells, CD45- cells, or with ve-

hicle (Fig.8B). An opposite pattern was observed with VEGF lev-

els: In brains of CD45 + cells– and CD45- cells–administered mice,

the levels were higher than those in MNCs- or vehicle-treated an-

imals (Fig. 8C). Similar patterns of neurotrophins were measured in

the isolated hippocampus (data not shown). These findings may

suggest complex interactions in the secretion of neurotrophins by

FIG. 6. Homing of human umbilical cord blood (HUCB)-derived
mononuclear cells (MNCs) (1 · 106) to the brain upon intravenous
administration. (A) HUCB-derived MNCs were labeled with near
infrared (NIR)-TAG and maintained in culture. Representative
photos from three days after labeling indicate the specificity of cell
labeling, compared with the very low background in control. (B-D)
Mice were intravenously administered one day post-trauma with
labeled (closed head injury [CHI+ ] MNCs-NIR-TAG+ ) or unlabeled
(CHI + MNCs-unlabeled+ ) HUCB-derived MNCs or with phosphate
buffered saline (PBS; CHI+ PBS+ ). Sham animals, without CHI also
were administered labeled HUCB-derived MNCs (CHI- MNCs-NIR-
TAG + ) or untreated (CHI- MNCs-) and served as control groups
(n = 5 each group per time point). Representative micrographs of
mice heads (B) and isolated brains (C) scanned at 800 nm 1.5 h after
administration with labeled HUCB-derived MNCs (right) or with
PBS (left). The marked circle indicates the lesion area in the pres-
ence or absence of administered cells visualized in green. (D) At 1.5
and 5 h and seven days post-administration, whole brains were re-
moved and scanned immediately. NIR intensity was calculated as a
ratio to background fluorescence and is presented in arbitrary units
(A.U.). *p £ 0.05, compared with the PBS-treated group.
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the purified CD45 + and CD45- cells when present together in the

original MNCs population.

Discussion

Our long-term goal is to identify novel therapeutic modalities for

and the neurological outcomes of TBI. Using a mouse model of

CHI, the two major findings in this study are a) the existence of

a longer-term window of opportunity (at least eight days post-

trauma) for treating TBI with HUCB-derived MNCs and b) iden-

tification of HUCB-MNCs derived CD45 + cells as the active cell

population of MNCs that significantly improves the neurological

status. This effect was evident as early as seven days and was

persistent for five weeks post-trauma, when follow-up was termi-

nated. To the best of our knowledge, this is the first study to show

long-lasting neurotherapeutic effects of HUCB-derived CD45 +

pan-hematopoietic cells in TBI.

To date, translation from basic research to clinical application in

TBI patients has invariably failed. Results from prospective clinical

trials are disappointing, in part due to the short temporal window

for intervention and the failure of many candidate drugs to cross the

blood-brain barrier.43 Therefore, an ongoing clinical trial using

allogeneic HUCB therapy for chronic TBI (NCT01451528, Clin-

icalTrials.gov) raises many hopes. To date, single and double

HUCB units are used clinically for the treatment of hematopoietic-

related disorders; however, there is no U.S. Food and Drug Ad-

ministration (FDA) approval yet for the clinical utilization of

HUCB-derived isolated populations such as MSCs, since mini-

mally manipulated, unrelated allogeneic placental/HUCB are in-

tended for hematopoietic reconstitution for specified indications

(Guidance for Industry and FDA Staff, June 2013). HUCB-derived

MSCs also were found to stimulate the injured brain of TBI mice,

evoking trophic events and the phenotypic switch of microglia/

macrophages, inhibiting glial scarring and leading to significant

improvement of neurological outcomes.25 Currently, a variety of

MSCs,8 including HUCB-derived MSCs,24,25 represent the most

active stem cell population used for pre-clinical and clinical trials

of brain injury. While the majority of these regenerative clinical

trials using MSCs have proved safety, phase II clinical trials are still

ongoing and are facing issues of efficacy. The HUCB cells are used

for therapy of hematopoietic and non-hematopoietic disorders that

require reconstitution of the hematopoietic system.18 This HUCB

can be easily isolated from the cord of the donor. So far, HUCB has

been shown to reduce neurological deficits in rats after TBI: Fol-

lowing IV administration, the cells preferentially entered the brain

and homed into the boundary zone of the injured area.23

FIG. 7. Homing of human umbilical cord blood (HUCB)-derived mononuclear cells (MNCs) and CD45 positive (CD45 + ) cells
(1 · 106) to the brain upon intravenous administration. Mice were intravenously administered one day post-trauma with HUCB-derived
MNCs or CD45 + cells or with phosphate buffered saline (PBS). Two hours later mice were sacrificed and brains were removed (n = 4
each group). Brain slices stained with anti-human-nuclei antibody (red) (A) or anti-human-CD45 antibody (green) (B). Nuclei were
stained with 4¢,6-diamidino-2-phenylindole (blue). Representative photographs around the trauma. (B) CD45 intensity was calculated as
a ratio to background fluorescence and is presented in mean gray level. *p £ 0.05, compared with the PBS-treated group.
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In this study, we confirmed some prior results and provided

novel evidence that HUCB-derived MNCs improve the neurobe-

havioral deficits upon both ICV transplantation and IV adminis-

tration in the CHI mouse model. Previously, Lu and colleagues

reported a reduction of neurological deficit after IV administration

of MNCs in a rat TBI model.23 In the present study, the effect was

dependent on the number of ICV transplanted cells and was max-

imal with 1 · 105 cells/mice (Fig. 3A). One of the major challenges

in the clinical management of TBI is the narrow therapeutic win-

dow, which is in the range of up to 4–6 h.40 Part of the failure to

bring promising drug candidates from pre-clinical studies to the

clinic is thought to be the failure to meet this window of opportu-

nity, and the administration of the tested drug at a time when it is

not effective anymore.7 A novel and important message emanating

from the findings in this study is that, ICV transplantation of

HUCB-derived MNCs eight days after TBI still can improve

functional recovery as effectively as when given 24 h post-trauma.

Both treatment regimens demonstrated a similar increase in DNSS

values, which were sustained up to three weeks (Fig. 3B). Fol-

lowing the primary mechanical insult, TBI results in delayed

events, such as neurochemical, metabolic and cellular changes,

which lead to the secondary injury that accounts for many of the

observed neurological deficits. The phase that leads up to the sec-

ondary injury represents a new window of opportunity for thera-

peutic intervention to prevent progressive tissue damage and loss of

function after injury.44 Our approach may target this new window:

The ability to improve function even when treatment is given eight

days post-trauma holds promise for future clinical developments.

An important question addressed in this study relates to the

possibility of donor-dependent variability of HUCB-derived MNCs

and CD45 + cells in terms of their beneficial effect in the CHI

mouse model. We performed these experiments over a three-year

period using more than 30 cord blood units from different donors,

and all were efficient in reducing the neurological deficits in the

mice after CHI. These findings indicate that the effect is indepen-

dent of a specific cord blood donor, a conclusion that is relevant for

future translational HUCB-derived MNCs-based therapies of TBI.

Another major novel finding of this study is the demonstration of

a neurotherapeutic effect of CD45 + cells upon IV administration in

CHI mice. The pan-leukocyte CD45 phosphatase plays an essential

role in trafficking and repopulation of the bone marrow by CD34 +

hematopoietic stem cells. Inhibition of CD45 negatively affects

development of hematopoietic progenitors ex vivo and their re-

covery in transplanted recipients in vivo, supporting the central role

of CD45 in the regulation of hematopoiesis.17,29 The ability of

HUCB to improve neurological deficits in the CHI mice may be

explained by a direct effect of the CD45 + cells homing to the brain

(Fig. 7). A direct role of the CD45 + cells is further emphasized by

the neutralization experiments with an anti-human-CD45 antibody,

which significantly decreased their neurotherapeutic efficacy

(Fig. 4A). It appears that CD45 + cells provide higher benefit than

MNCs transplantation by comparing the neurotherapeutic effect of

CD45 + cells (Fig. 4) with that of MNCs (Fig. 3D) at a similar IV

administration dose of 1 · 106 cells. Considering that the CD45 +

population represents about 50% of the MNCs fraction, we can

propose that transplantation with enriched pan-hematopoietic

CD45 + cells might provide an enhanced neurotherapeutic effect by

comparison to whole HUCB transplantation in TBI patients.

As previously reported for HUCB-derived MSCs25 and MNCs,23

in this study, HUCB-derived MNCs and CD45 + cells intravenously

administered one day post-trauma rapidly home (within 1.5–2 h;

Fig.6D and Fig. 7) to the brain lesion site. In control, non-injured

mice, the intravenously-administered cells did not home to the

brain. These findings are consistent with many studies indicating

homing ability of IV-infused stem cells to the site of injury,45 al-

though a majority of these cells will end up in the lung, spleen,

stomach, and small and large intestines.46 Disruption of the blood

brain–barrier, which occurs rapidly (within 1–4 h after injury),4,5

and other mechanisms promoting homing to the injury site,47 are

probably involved in the enhanced homing to and engraftment in

the injured brain, in particular at the site of lesion and its close

vicinity. Our finding of rapid homing of intravenously-administered

HUCB-derived MNCs and CD45 + cells to the injured site is in

line with previous reports tracking the integration of bone marrow-

derived MSCs into traumatic injured brain.48,49 The decrease in

brain NIR fluorescence of CHI mice treated with labeled MNCs

cells at later time points post-administration, from 5 h to seven days

(Fig. 6D) may indicate a very short-term retention of labeled cells at

the injured site. However, this may also be a consequence of a loss

of the fluorescent signal, an issue that warrants further research.

Homing of the HUCB-derived cells to an injured region also may be

FIG. 8. Neurotrophins levels in the closed head injured mice
brains. Mice were intravenously administered one day post-trauma
with human umbilical cord blood-derived mononuclear cells
(MNCs), CD45 positive (CD45+ ) or CD45 negative (CD45- ) cells
(1 · 106) or with phosphate buffered saline (PBS). Three (white bars)
and 35 days (black bars) post-trauma mice were sacrificed, whole
brains were removed and ipsilateral and contralateral cortex tissues
were separated and homogenized for protein extraction. Brain-de-
rived neurotrophic factor (BDNF; A), nerve growth factor (NGF; B),
and vascular endothelial growth factor (VEGF; C) levels were
measured using enzyme-linked immunosorbent assays. (n = 3-4, re-
peated three times). *p £ 0.05, compared with three days respective
groups. **p £ 0.05 35 days, compared with the PBS-treated group.

1414 ARIEN-ZAKAY ET AL.



targeted by neurotransmitters. Gamma-aminobutyric acid, for

instance, has been shown to attract both hematopoietic and non-

hematopoietic cord blood cells.50 Indeed, there is a strong cross-talk

between the nervous system and hematopoiesis, for example, he-

matopoietic niches are controlled by sympathetic innervations.51

Alternatively, the human administered HUCB-derived CD45 +

cells may also stimulate/recruit endogenous murine bone marrow

hematopoietic stem cells, resulting in the indirect activation of

endogenous therapeutic effects.29 The basic mechanism by which

the neurotherapeutic effect is achieved is as yet unknown. The

temporal and causal relationships between immunomodulation,

neurotherapeutic effect and homing of administered cells deserve

future investigation.

Based on the ability of HUCB-derived MNCs and CD45 + cells

to induce a rapid early reduction in the observed neurological

deficits in mice after CHI, we hypothesize that the neurotherapeutic

effect is due to stimulation of endogenous neuroprotective mech-

anisms by an autocrine/paracrine effects mediated by these cells.

Potential trophic factors repeatedly reported to be involved in

neuroprotection include BDNF, NGF, and VEGF.45,52,53 Present

data show that upon CD45 + cells administration, BDNF levels in

both the ipsilateral and contralateral brain cortex were not signifi-

cantly changed, as was shown by comparing acute with chronic cell

implantation effects. In contrast to BDNF levels, NGF and more

VEGF levels were significantly increased at the chronic phase (35

days). Interestingly, the level of NGF was reduced in the CD45 + -

or CD45--treated mice, compared with MNCs-treated mice. This

effect may suggest that the both CD45 + and CD45- subpopulations

contribute to the enhanced effect of MNCs. In contrast, the VEGF

level in CD45 + and CD45- was higher than in MNCs-treated mice,

indicating that in the MNCs an inhibitory effect is occurring be-

tween the two subpopulations. However, since in our hands we

have not been able to determine a direct correlation of the above

growth factors between the ipsilateral and contralateral brain sites

we might propose that other growth factors and cytokines are

involved. Alternatively, we cannot exclude the possibility that

differential levels of these growth factors between the ipsilateral

and the contralateral hemispheres might be due to a short time

window between three and 35 days after CHI. Also, future avail-

ability of ELISA assays selective for either human or mice derived

neurotrophic factors may further enlighten and differentiate be-

tween the contributions of exogenous and/or endogenous factors to

the neurotherapeutic effect.

In conclusion, administration of HUCB-derived MNCs or

CD45 + pan-hematopoietic cells reduced brain damage in CHI

mouse model, as reflected by reduced neurological deficits, starting

seven days post-trauma and lasting for several weeks. This neu-

rotherapeutic effect was induced by HUCB-derived cells upon ra-

pid homing to the site of brain injury. Based on the minimal

manipulation required for the isolation of CD45 + cells from HUCB

and their ability to efficiently reduce neurological deficits, we

propose that (HUCB-derived) CD45 + hematopoietic cells should

be considered for translational therapy in treating TBI patients.
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