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Abstract—Despite the beneficial effects of cell-based thera-
pies on brain repair shown in most studies, there has not
been a consensus regarding the optimal dose of human um-
bilical cord blood cells (HUCBC) for neonatal hypoxia-isch-
emia (HI). In this study, we compared the long-term effects of
intravenous administration of HUCBC at three different doses
on spatial memory and brain morphological changes after Hi
in newborn Wistar rats. In addition, we tested whether the
transplanted HUCBC migrate to the injured brain after trans-
plantation. Seven-day-old animals underwent right carotid
artery occlusion and were exposed to 8% O, inhalation for
2 h. After 24 h, randomly selected animals were assigned to
four different experimental groups: HI rats administered with
vehicle (Hl+vehicle), HI rats treated with 1x10° (HI+low-
dose), 1x107 (HI+medium-dose), and 1x108 (HI+high-dose)
HUCBC into the jugular vein. A control group (sham-oper-
ated) was also included in this study. After 8 weeks of trans-
plantation, spatial memory performance was assessed using
the Morris water maze (MWM), and subsequently, the animals
were euthanized for brain morphological analysis using ste-
reological methods. In addition, we performed immunofluo-
rescence and polymerase chain reaction (PCR) analyses to
identify HUCBC in the rat brain 7 days after transplantation.
The MWM test showed a significant spatial memory recovery
at the highest HUCBC dose compared with Hl+vehicle rats
(P<0.05). Furthermore, the brain atrophy was also signifi-
cantly lower in the HI+medium- and high-dose groups com-
pared with the Hl+vehicle animals (P<0.01; 0.001, respec-
tively). In addition, HUCBC were demonstrated to be localized
in host brains by immunohistochemistry and PCR analyses 7
days after intravenous administration. These results revealed
that HUCBC transplantation has the dose-dependent poten-
tial to promote robust tissue repair and stable cognitive im-
provement after HIl brain injury. © 2012 IBRO. Published by
Elsevier Ltd. All rights reserved.
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The hypoxia-ischemia (HI) that occurs during the neonatal
period is an important cause of mortality and severe neu-
rologic morbidity in children, affecting approximately 1 to 3
cases per 1000 full-term live births in developed countries
(Wyatt et al., 2007). Approximately 50% of infants with
severe HI die, and up to 25% of survivors have long-term
disabilities, such as epilepsy, cerebral palsy, and cognitive
impairments (Ferriero, 2004). Despite technological and
scientific advances in the perinatal care of at-risk new-
borns, until recently, the management of newborn infants
with HI has been limited to supportive care in the neonatal
intensive care unit. Consequently, new neuroprotective
strategies have been investigated in experimental studies
and clinical trials because of the clinical relevance and
socioeconomic impact generated by neonatal brain dam-
age. However, with the exception of hypothermia, which
shows satisfactory outcomes in infants with mild or mod-
erate HI injury, these therapies have limited results (Sahni
and Sanocka, 2008; Johnston et al., 2011). As a result, cell
based-therapy has been proposed as a novel treatment
approach for severe neurological diseases, including HI. In
the neonatal context, obtaining stem cells from umbilical
cord blood offers low risk or discomfort to the newborn, and
the cells can be transplanted after autologous collection. In
addition, umbilical cord blood can be used therapeutically
during the perinatal period or can be cryopreserved for
later use (Santner-Nanan et al., 2005; Harris, 2008; Liao et
al., 2011).

Current investigations using different cell dosages, de-
livery routes, and types of human umbilical cord blood cells
(HUCBC) have reported that this therapy is neuroprotec-
tive in most animal models of neonatal brain injury (Meier
et al., 2006; Pimentel-Coelho et al., 2009; Yasuhara et al.,
2010; Rosenkranz et al., 2010; Xia et al., 2010). Although
these preclinical studies have demonstrated promising re-
sults for brain damage, we have recently shown in a rat
model of severe neonatal HI that a single dose of 1x10”
transplanted HUCBC can migrate to the brain after intra-
venous injection but does not improve the cognitive and
morphological outcomes 3 weeks post-transplantation (de
Paula et al., 2009). These previous data demonstrated that
several variables will need to be explored to optimize the
use of cell therapy in children with HI brain damage, in-
cluding aspects such as timing, route of transplantation,
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cellular type, and dosage (Bliss et al., 2007; Janowski et
al., 2010).

One of the most important questions in terms of effi-
cacy and tolerance for the clinical approach of stem cell
treatment is the number of administered cells (Wechsler et
al., 2009). Some reports have assessed the dose-re-
sponse association between cell concentration and the
functional effects of the treatment on animal models of
heart damage (lwasaki et al., 2006; Wolf et al., 2009).
However, there are insufficient data showing the relation-
ship between cell dose and long-term neurological out-
comes (Vendrame et al., 2004; Garbuzova-Davis et al.,
2008; Omori et al., 2008; Stroemer et al., 2009; Yang et al.,
2011), and there are no dose-ranging studies in neonatal
HI. Hence, we conducted a pioneer investigation to com-
pare the effect of intravenous administration of HUCBC at
three different doses on spatial memory and brain morpho-
logical changes in 60-day-old rats previously subjected to
neonatal HI. In addition, we tested whether the trans-
planted HUCBC migrate to the injured brain 7 days after
intravenous administration.

EXPERIMENTAL PROCEDURES
Animals

All experimental procedures were performed in accordance with
the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the Animal Care and Ethics Committee of
Pontificia Universidade Catdlica do Rio Grande do Sul, RS, Brazil
(CEP 09/04761). A total of 50 male Wistar rats were kept under a
constant 12:12-h light—dark cycle at room temperature (23+1 °C),
with free access to food and water. After each normal delivery, the
litter sizes were adjusted to eight pups per litter. Pups were kept
with their dams until weaning at postnatal day (PND) 21. Efforts
were made to minimize animal suffering and to reduce the number
of animals used.

Experimental groups

The animals were randomly assigned to five experimental
groups (n=10 each): sham-operated rats, rats administered with
vehicle (Hl+vehicle), and rats with 1x10° (HI+low-dose), 1x10”
(Hl+medium-dose), or 1x108 (HI+high-dose) HUCBC trans-
planted into the jugular vein 24 h post-HI. The rat pups from each
litter were randomly divided among the five experimental groups
to avoid “litter effects” on the results of brain injury and cognitive
performance. Only male rats were used in our study. An additional
cohort of HI animals was injected with HUCBC as described
earlier in the text but was euthanized 7 days after transplantation.
In these animals, brain samples were collected for immunofluo-
rescence staining and PCR analyses. All experiments were per-
formed by blinded investigators.

Hypoxic-ischemic model

In this study, we used the Levine rat model, modified by Rice et al
(Rice et al., 1981) for neonatal rats. On PND 7 (weights ranging
from 12 to 15 g), each animal was briefly anesthetized with halo-
thane delivered by a face mask. The right common carotid artery
was identified through a midline longitudinal neck incision, isolated
from the vagus nerve, and permanently double-ligated with a 7.0
surgical silk suture. The entire surgical procedure was completed
within 15 min. After the wounds were sutured, the animals were
put back into their cages and allowed to recover for 2—4 h in the
company of their dams. The rats were then placed in a hypoxia

chamber for 2 h, with a constant flow of humidified 8% oxygen
balanced with nitrogen. The hypoxia chamber was kept in a water
bath to maintain the ambient temperature inside the chamber at a
normal range (37-38 °C). After hypoxic exposure, the pups were
returned to their dams for recovery. The sham-operated animals
underwent anesthesia and incision only.

HUCBC preparation and intravenous administration

After obtaining informed consent, HUCBC were collected ex-utero
from healthy volunteers using sterile syringes containing 5.000 Ul
of heparin, immediately after full-term delivery. We have used a
proportion of one donated umbilical cord to 4—7 transplanted rats,
depending on the amount of available mononuclear cells. Blood
samples were kept at a temperature of 4 °C during the transport
and storage procedures, and all units were processed within 24 h
after collection. For the separation of mononuclear cells, the ob-
tained material was diluted in RPMI-1640 medium (1:1) (Gibco,
Grand Island, NY, USA). The cells were resuspended and frac-
tionated on a density gradient generated by centrifugation, over
Ficoll-Paque solution with a density of 1.077 g/L (Histopaque
1077, Sigma Aldrich, St. Louis, MO, USA), at 400 g for 30 min at
25 °C. The mononuclear fraction over the Ficoll-Paque layer was
collected and washed twice with Dulbecco’s Phosphate Buffered
Saline (DPBS) (Gibco, Grand Island, NY, USA). The cell density
was determined with a Neubauer-counting chamber, and the num-
ber of viable cells was determined using the Trypan Blue 0.4%
exclusion method. For the detection of surface antigens, HUCBC
were incubated with fluorescein isothiocyanate- (FITC) or phyco-
erythrin- (PE) conjugated monoclonal antibody against CD45 (he-
matopoietic precursor cells), CD105 (bone marrow precursor
cells), CD34 (hematopoietic and endothelial precursor cells), and
CD117 (hematopoietic precursor cells) (Becton Dickinson Biosci-
ences, San Jose, CA, USA). Labeled cells were collected and
analyzed using a FACSCalibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Twenty-four hours after HI, animals
weighting approximately 20 g received HUCBC (1x10°, 1x107, or
1x108 cells resuspended in saline) or vehicle delivered into the
left jugular vein using an ultrafine insulin syringe with a 31-gauge
needle in a volume of 100 ul. For that procedure, animals were
anesthetized with halothane, the previous neck suture was care-
fully opened, and the left external jugular vein was isolated from
adjacent tissue to facilitate the intravenous injection. Thereafter,
the skin was once again closed with suture, and the animals were
returned to their dams for recovery.

Spatial version of the Morris water maze task

Spatial memory performance was evaluated 8 weeks after HI
exposure or sham operation using the Morris water maze (MWM)
as previously described (Greggio et al.,, 2011; Venturin et al.,
2011). The water maze consisted of a black circular pool (200 cm
in diameter) conceptually divided into four equal imaginary quad-
rants. The water temperature was maintained at 21-24 °C. Two
centimeters beneath the surface of the water and hidden from the
rat's view was a black circular platform (15 cm in diameter). The
water maze was located in a well-lit white room, and cues were
placed on the walls around the pool, which could be used by
the rats for spatial orientation. Training on the spatial version of
the MWM was performed over five consecutive days. On each
day, the rats received eight training trials during which the hidden
platform was kept at a constant location. The movements of the
animals were monitored during the sessions with a video camera
fixed to the ceiling over the center of the maze. A different starting
location was used in each trial, which consisted of a swim followed
by a 30-s platform sit. The rats that did not find the platform within
60 s were guided to it by the experimenter. To assess long-term
memory, 24 h after the final trial, the platform was removed from
the maze and the parameters measured were (1) the percentage
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of time spent in the target quadrant and (2) the latency to reach the
original platform position.

Brain morphological study

After completing behavioral tests, the animals were deeply anes-
thetized with a ketamine and xylazine mixture (90:10 mg/ml; i.p.)
and perfused transcardially with saline followed by 4% parafor-
maldehyde, pH 7.4. The brains were removed from the skulls,
post-fixed in the same solution at room temperature for 24 h, and
cryoprotected by immersion in a 30% sucrose solution in phos-
phate buffer at 4 °C until they sank. The brains were then quickly
frozen in isopentane that was cooled in liquid nitrogen (=70 °C).
Coronal sections of the brains (50 wm) were cut using a cryostat
(Shandon, UK), collected at equidistant intervals, and stained with
Cresyl Violet using the Nissl method. The cerebellum was ex-
cluded from the study. Digitized images of the coronal sections
overlaid on a point counting grid were obtained with a high-
performance CCD camera installed on a stereoscopic light micro-
scope (DF Vasconcellos MU-M19, Brazil), interfaced with Image
Pro Plus 6.1. (Media Cybernetics, Silver Spring, MD, USA), and
run on a personal computer. Images of the hemispheres were
displayed on a high-resolution video monitor, and the boundaries
were defined in accordance with the Paxinos and Watson atlas
(Paxinos and Watson, 1986). The Cavalieri method was used to
estimate the hemispheric volume by the summation of points
multiplied by the distance between sections. With the coronal
sections displayed on the point counting grid, we counted the
number of points hitting the hemisphere. Volume estimation was
performed in 10 equally spaced sections for each rat brain in the
affected and control hemispheres. The number of points counted
was used for the estimation of hemispheric volume (mm?) using
the following equation: V=T.a/p.2P, where V=volume estimation;
T=distance between the analyzed sections (1200 wm); a/p=point
area (1 mm?); and 3P=the sum of points overlaid in the image
(Galvin and Oorschot, 2003; Alles et al., 2010). Besides, to eval-
uate the extent of brain injury, we calculated the percentage of
brain tissue loss in the ipsilateral hemisphere (left hemisphere—
residual ipsilateral hemisphere divided by left hemisphereXx
100%), as previously described (You et al., 2007).

Immunofluorescent staining and confocal laser
scanning

Migration of HUCBC was performed in low-, medium-, and high-
dose groups using the indirect immunofluorescence method.
Seven days after intravenous HUCBC transplantation, a subgroup
of HI animals (n=6) was anesthetized with a ketamine and xyla-
zine mixture (90:10 mg/ml; i.p.) and perfused transcardially first
with a saline solution containing heparin, followed by 4% parafor-
maldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4. The
brains were removed, post-fixed in 4% paraformaldehyde, and
then processed for paraffin sectioning. A series of four 15-um
thick coronal sections containing the cortex and hippocampus
were cut with a microtome. After being deparaffinized, the sec-
tions were placed in boiling Target Unmasking Fluid solution
(TUF; PanPath, Amsterdam, NL) in a microwave oven for 10 min.
After cooling at room temperature, nonspecific protein binding was
blocked with 2.5% albumin serum bovine (Sigma Aldrich, St.
Louis, MO, USA) for 1 h. For the detection of the grafted human
stem cells, the coronal slices were incubated overnight at 4 °C
with a primary mouse anti-human nuclear antigen monoclonal
antibody (HuNu) (1:100; Chemicon, Temecula, CA, USA). The
sections were then washed with 0.1 M PBS and incubated with
Alexa Fluor 488 goat anti-mouse 1gG (H+L) secondary antibody
(1:1.000; Invitrogen, Carlsbad, CA, USA) at 37 °C in the absence
of light for 1 h. Glass coverslips were mounted using ProLong
Gold antifade mounting medium with 4’,6-diamidino-2-phenylin-
dole dihydrochloride (DAPI) Invitrogen (Carlsbad, CA, USA) to

visualize cell nuclei. Reactivity of the antibody was confirmed in
positive samples and negative control sections. Colocalization of
DAPI with the human-specific marker HuNu was detected, ana-
lyzed, and photographed qualitatively using a confocal laser scan-
ning microscope (LSM 5 Exciter, Carl Zeiss, Germany) coupled to
a Pro-Series High Performance CCD camera and Zen 5.0 soft-
ware (Carl Zeiss, Inc.). Blue (DAPI) and green (Alexa 488 for
HuNu) fluorochromes in the slices were excited by a laser beam at
405 nm (Diode) and 488 nm (argon), and the emissions were
sequentially acquired with two separate photomultiplier tubes
through LP 420- and BP 505-530-nm emission filters, respec-
tively. The areas of interest were scanned with a pinhole under
each laser, set to a value of 1.0 Airy unit for the <63 oil immersion
objective lens (Plan-Neofluar, NA=1.4). The scanning dimensions
were 1024X1024 pixels, and the specimens were scanned an
average of four times with a 12-bit pixel depth. The Z-stacks (=15
optical slices) were obtained at a thickness of 1 um, and colocal-
ization was evaluated in single optical planes taken through the
entire z-axis of each cell. Only HuNu™ cells contained entirely
within the three dimensions of a stack were included in the anal-
ysis.

Polymerase Chain Reaction (PCR analysis

An additional group of Hl rats (n=7) was euthanized, and samples
were collected 7 days after HUCBC intravenous injection. DNA
was obtained from the rat brains using the phenol/chloroform
method described by Isola et al (Isola et al., 1994). PCR analysis
was performed to identify the presence of administrated HUCBC
in the brains of transplanted animals using complementary prim-
ers to the human B-actin gene sequence. We used the forward
primer 5'-TCCCTGTACGCCTCTGGCCATA-3' and the reverse
primer 5'-CCTTCTGCATCCTGTTGGTGATGCTA-3' complimen-
tary to the human B-globin DNA sequence and reamplified with
the forward primer 5'-TGACTGGCCGGAACCTGACT-3" and the
reverse primer 5'-GGTGATGACCTGGCCATTGGG-3' using the
nested PCR technique, resulting in fragments of 535 and 209 bp,
respectively. The positive control (DNA from human peripheral
blood) and negative control (without any DNA) samples were
assayed along with experimental samples in every reaction. Am-
plified products were detected by gel electrophoresis (2% agarose
containing ethidium bromide) for 30 min, at a voltage of 100 V and
an amperage of 400 mA. The gels were visualized under an
ultraviolet transilluminator (3UV™), and the images were captured
using photodocumentation equipment connected to Quantity One
software (Bio-Rad, CA, USA).

Statistical analysis

Statistical analysis was performed using the PrismGraph 5.0 pro-
gram (GraphPad Software, San Diego, CA, USA). The variables
are presented as the means*standard error of the mean (SEM).
Behavioral and morphological outcomes were compared between
the groups using one-way analysis of variance (ANOVA) followed
by post-hoc Dunnett’s or Bonferroni’s tests, as appropriate. Pear-
son’s correlation coefficient and linear regression analysis be-
tween the variables were calculated. Data were considered sig-
nificantly different if P<<0.05.

RESULTS
HUCBC characterization

To determine the phenotypic characteristics of mononu-
clear cells derived from human umbilical cord blood, four
fluorescence-activated cell sorting (FACS) analyses were
used to examine the expression of cell-surface marker
(Fig. 1A-D). In brief, 2.4% of the cells expressed CD34,



434

Counts

400 600
CD34 FITC

103 10

10! 102
CD105 PE

S. de Paula et al. / Neuroscience 210 (2012) 431-441

101 102
CD45 PerCP-Cy5.5

o W
100 101 10% 10*

102
CD117 PE

Fig. 1. Immunophenotypic analysis of mononuclear fraction derived from human umbilical cord blood. The histograms show the fluorescence intensity of
HUCBC reacting with (A) CD34, (B) CD45, (C) CD105, and (D) CD117 during flow cytometry. A total of 5000 events were considered for each analysis.

23.14% expressed CD45, 50.41% expressed CD105, and
71.25% expressed CD117. Taken together, the data showed
that the isolated cord blood cells exhibited a mixture of differ-
ent cellular types, consistent with the literature (Mayani and
Lansdorp, 1998; Park et al., 2009; Ruhil et al., 2009).

A high dose of HUCBC transplanted intravenously
rescues long-term spatial memory impairments in
hypoxic-ischemic rats

To assess the effects of three different doses of HUCBC
on long-term spatial memory deficits, we employed the
MWM task. The mean escape latencies to the hidden
platform were shortened as training progressed, and the
groups showed a different rate of change over time
[F4, 220y=1.10, P=0.34, Fig. 2A]. As shown in Table 1,
Bonferroni post hoc test showed a significant difference
(P<0.001) between the HI+vehicle and sham groups
throughout the entire 5-day training session. Only the
group of HI animals that were administered with the
highest HUCBC dose presented learning similarity to
sham rats and a significant difference to HI+vehicle
group. Besides, there were no statistical differences in
the training performance among the transplanted
groups. The probe test was performed 24 h after the last
training session in the absence of the escape platform,
and HI+vehicle rats exhibited significant spatial memory
deficits. One-way ANOVA followed by Dunnett's test
indicated that the escape latency to swim over the pre-
vious position of the escape platform was longer in the
HI+vehicle group (37.66+6.99 s) than in the sham
group (7.89+1.19 s) (P<0.01) (Fig. 2B). Among treat-
ment groups, only the HI+high dose of HUCBC had a mark-

edly shorter time required to reach the platform location
(16.863.48 s) (P<0.05 vs. Hl+vehicle). For the second
analyzed variable, the HI+vehicle group spent less time
swimming in the target quadrant that previously contained the
escape platform (32.97+3.91%) compared with either the
sham-operated (62.52+4.17%) (P<0.001) or HI+high-dose
groups (48.17+2.93%) (P<0.05) (Fig. 2C). No significant
differences were observed for either variable when HI+low-
and medium-dose animals were compared with Hl+vehicle
animals, suggesting that only a high dose of HUCBC rescues
the learning and memory impairments.

Intravenously transplanted HUCBC dose-dependently
prevent brain lesions after neonatal hypoxia-
ischemia in rats

Absolute hemispheric volume analysis showed significant
atrophy of the hemisphere ipsilateral to the carotid occlu-
sion (right side) in the Hl+vehicle group when compared
with the contralateral hemisphere (296.76+74.23 vs.
605.28+47.39 mm?; P<0.001) (Fig. 3A). Similarly, the
Hl+low-dose group also had a significantly reduced vol-
ume of the right hemisphere compared with the left one
(451.92+64.82 vs. 639.12+17.14 mm?; P<0.05). No dif-
ference was observed between the right and left hemi-
spheres in sham animals (641.40+7.49 vs. 658.92+6.23
mm?3) or in the HI groups that received only medium
(560.16+63.65 vs. 664.56+16.74 mm?3) or high doses
(658.20+22.32 vs. 658.56+18.75 mm?®) of HUCBC. As
shown in Fig. 3B, we also examined cerebral atrophy in
terms of the percentage of brain tissue loss, which was
calculated using the contralateral (left, non-ischemic)
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Fig. 2. A high dose of HUCBC transplantation resulted in a significant attenuation of injury-induced spatial memory impairment in hypoxic-ischemic
rats. (A) The mean escape latencies to the hidden platform were obtained from a 5-d training session. Data are presented in blocks of eight trials as
mean+SEM. (B) The sham-operated and Hl+high-dose (1x108 cells) groups showed a significantly faster latency of swimming over the previous
platform location when compared with HI+vehicle animals. (C) The sham-operated and HI+high-dose groups spent a greater percentage of time
searching the quadrant in which the platform had been submerged during training compared with Hl+vehicle rats. No significant differences were
observed when low- or medium-dose groups were compared with the HI+vehicle group for either variable. The values were presented as the
mean=SEM; n=10 per group. Differences between groups were analyzed by one-way ANOVA followed by the Dunnett post hoc test; * P<0.05,

** P<0.01, and *** P<0.001 vs. HI+vehicle.

hemisphere as a control. One-way ANOVA followed by
Dunnett’s test indicated that the percentage of damage in
the Hl+vehicle group (54.90+9.16%) was markedly higher
than in the sham-operated group (3.09+0.60%; P<<0.001).
However, the right hemispheric volume loss caused by HI
was significantly lower in rats of the medium-dose (18.29+
8.79%; P<0.01) and high-dose (3.210.84%; P<0.001)
groups when compared with vehicle-treated animals, sug-
gesting a protective dose-dependent effect. There was no
statistically significant difference between the HI+vehicle
and low-dose groups (29.70+9.89%). Representative
samples of Nissl staining from the brain hemispheres of
rats after HI insult are shown in Fig. 3C. Examination of
brain tissues showed vast ischemic damage with extensive
atrophy and the formation of porencephalic cysts in the
ipsilateral hemisphere of the HI+vehicle rats. Additionally,
we observed a positive linear relation between the degree
of hemispheric tissue volume loss and the escape latency
of the MWM probe trial when all groups were pooled for
correlation analysis (R=0.71, P<0.0001, Fig. 4A). Be-

Table 1. Morris water maze acquisition performance

sides, a negative correlation between the degree of hemi-
spheric tissue volume loss and the time spent in the target
quadrant of the MWM probe trial was detected (R=-0.57,
P<0.0001, Fig. 4B). Taken together, these findings sug-
gest that neonatal HI-induced brain injury contributes to
spatial learning and memory deficits in rats, and that
HUCBC dose-dependently hinders brain lesion and cogni-
tive impairments due to neonatal HI.

HUCBC are detected in the rat brain 7 days post-
transplantation as determined by PCR analysis and
immunofluorescence staining

Additional groups of HI rats were euthanized 7 days after
HUCBC transplantation for human cell detection in host rat
brains using an anti-human nuclear antibody. Double-
stained sections were examined using a confocal laser
scanning microscope to identify human nuclei-positive
cells (HuNu) that colabeled with DAPI. Most of the surviv-
ing human cells were located in the cortex and the hip-

Groups Training session

1 2 3 4 5
Sham 37.6+£4.4% 28.7+4.0%** 18.3+2.8*** 13.5+1.6"** 12.0+1.2%**
Vehicle 56.6=0.97TF 48.3+2.5MT 34.9+2 47Tt 32.2+2.011T 27.6+2.17TT
Low 51.6=1.5™T 37.3x3.0** 29.5+1.0™" 26.0x2.11T 25.5+1.91"
Medium 52.8+2.31T 41.9+3.111T 33.7+2.6'T 27.6+3.111T 22.6+2.3"
High 54.5+1.0TF 43521111 31.0+2.97F 20.6=1.4** 17.5+2.1*

Values represent the mean=SEM (n=10 rats/group).

* P<0.05, ** P<0.01, and *** P<0.001 vs. vehicle group; T P<0.05, " P<0.01, and ™" P<0.001 vs. sham group in Bonferroni post hoc test after

two-way ANOVA.
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Fig. 3. HUCBC dose-dependently protect against brain atrophy in rats subjected to neonatal hypoxia-ischemia. (A) Absolute volumes of brain
hemispheres are shown. The rats in the HI+vehicle and HI+low dose of HUCBC groups showed a significant decrease in the right hemispheric volume
compared with the left. There was no difference between the hemispheric volumes in the medium- and high-dose HI animals. The values were
presented as the mean+=SEM; n=10 per group. Differences were analyzed by one-way ANOVA followed by the Bonferroni post hoc test; * P<<0.05;
*** P<0.001 vs. the left hemisphere. (B) Percentage of brain tissue loss is shown in a graph. When compared with sham-operated rats, the HI+vehicle
group showed marked brain atrophy that was significantly lower in the medium- and high-dose HUCBC groups, suggesting a relationship between cell
dosage and brain damage rescue. There was no statistically significant difference between the Hl+vehicle and the HI+low-dose group. All values
represent the mean=SEM; n=10 per group. ** P<0.01, and *** P<<0.001 vs. the HI+vehicle group using Dunnett’'s multiple comparison post hoc test
after one-way ANOVA. (C) Digitized images of coronal sections of the rat brains were stained using the Nissl procedure. The first column shows
schematic drawings obtained from Paxinos and Watson’s atlas. The slices show visible ipsilateral cortical atrophy (right hemisphere) in the HI+vehicle
group that was attenuated at the highest doses of HUCBC. Calibration bars=1 mm.

pocampus of both hemispheres (Fig. 5A, B). Confocal pho-
tomicrographs with orthogonal reconstruction of grafted cells
(Fig. 5C) revealed merged images of HuNu™ cells and
DAPI in brain parenchyma of all analyzed 7 days after

DISCUSSION

The neonatal HI rodent model produces long-term cogni-
tive deficits and severe brain atrophy. We found that after

transplantation. To confirm the migration of the delivered
cells, we performed nested PCR analysis in seven animals
using complementary primers to the human B-globin se-
quence 7 days after HUCBC transplantation. The expres-
sion of the band corresponding to the human gene was
detected in the ipsilateral and contralateral hemispheres of
six rats that received HUCBC via the jugular vein (Fig. 5D).
The observations made from immunofluorescence staining
and PCR analysis were consistent for all doses.

a high dose of HUCBC (1x108 cells) transplanted intrave-
nously, the rats demonstrated a significant attenuation of
Hl-induced spatial memory impairment 8 weeks after the
treatment. Furthermore, medium (1x107 cells) and trans-
plantation of high-doses of cells hindered the brain lesions
caused by HI, which was not observed in low-dose-
(1x10° cells) treated animals. In addition, HUCBC were
identified in host rat brains 7 days after intravenous admin-
istration using immunofluorescence and PCR analysis.
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Fig. 4. Correlation of the degree of hemispheric tissue volume loss with spatial learning and memory in Hl rats after HUCBC transplantation. (A)
Correlation of the degree of hemispheric tissue volume loss and the escape latency of the MWM probe trial (R=0.71, P<0.0001). (B) Correlation of

the degree of hemispheric tissue volume loss and the time spent in the target quadrant of the MWM probe trial (R=

—0.57, P<<0.0001). All experimental

groups were pooled for both correlation analyses. For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.

To investigate cognitive function after HUCBC trans-
plantation, we performed the MWM test, which is an im-
portant measure of hippocampal-dependent spatial learn-
ing and memory after brain injuries, such as neonatal Hl
(Golan and Huleihel, 2006). Using this tool, our study
revealed that injured animals treated with low and medium
doses of HUCBC did not have a reduction of behavioral
deficits. These results support our previous investigation
that failed to show significant benefits in behavior perfor-
mance 3 weeks after administration of 1x10” HUCBC
(medium dose) in Hl rats (de Paula et al., 2009). However,
in the current report, the spatial learning and memory of HI
animals treated with a high dose of HUCBC was signifi-
cantly rescued compared with HI+vehicle animals 8
weeks after treatment. Only a few studies have addressed
the effects of cellular therapy on the cognitive conse-
quences after neonatal brain damage (Katsuragi et al.,
2005; Ma et al., 2007). Consistent with our data, Ma et al
(2007) reported that stem cells were effective in reducing
behavioral impairments caused by HI, 2 and 8 months after
cell transplantation. In addition to functional restoration in
the MWM test, the authors also observed a neuropatho-
logical recovery in stem cell-treated animals (Ma et al.,
2007).

In the current investigation, we observed that both
medium and high doses of HUCBC provided significant
brain damage repair after HI, in contrast to our previous
data (de Paula et al., 2009). This discrepancy might be
owing to the length of time that was chosen to assess
neuronal injury changes. As previously shown in adult rats
with ischemic lesions, no beneficial tissue effect of mes-
enchymal stem cell treatment was observed 29 days after
the treatment. However, the authors found a statistically
significant decrease in the lesion size in treated animals
when evaluated 60 days post-transplantation (Kranz et al.,
2010). In addition, we emphasize that, despite the brain
tissue regeneration presented here, 1x10” HUCBC (me-
dium dose) were not enough to mediate functional recov-
ery after neonatal HI injury.

Although basic research has shown promising results
in the field of cell-based therapy for neonatal brain injury
(de Paula et al., 2010), the optimal dose for intravenous
administration of stem cells has not yet been determined.
According to a recent meta-analysis on intravenous stem
cell delivery, there is a dose-response association be-
tween the number of stem cells injected and the functional
effects of the treatment in experimental neurological dis-
eases (Janowski et al., 2010). A pioneer study demon-
strated that neural stem cells dose-dependently improved
functional outcomes when transplanted into the ischemia-
damaged striatum of rats (Saporta et al., 1999). In addition,
Stroemer et al. (2009) observed that neural stem cell trans-
plantation in rats after stroke promoted significant senso-
rimotor recovery depending on cell dosage (Stroemer et
al., 2009). In line with our study, Yang et al. (2011) dem-
onstrated that the highest doses of bone marrow mononu-
clear cells led to reduced lesion size and better functional
performance in an animal model of stroke (Yang et al.,
2011). The authors of these investigations observed dis-
crete cell survival in the majority of the high-dose-treated
animals, proposing a neuroprotective paracrine trophic
mechanism.

Multiple mechanisms have been proposed to explain
the promising behavioral and morphological outcomes ob-
served in cell transplantation reports. However, the spe-
cific mechanisms of action responsible for the successful
stem cell transplantation in HI brain injury have not yet
been fully elucidated. It has been suggested that HUCBC
treatment decreases brain damage and consequently im-
proves neurological deficits, mainly by enhancing para-
crine repair processes (Luo, 2011). It is possible that stem
cells might serve as vehicles for specific molecules, acting
as vectors for the production and/or release of neu-
rotrophic factors. Consistent with in vitro studies (Arien-
Zakay et al., 2009) and investigations using adult rats in a
stroke model (Li et al., 2002), Yasuhara et al. (2010)
reported an increase in GDNF, NGF, and BDNF brain
levels in HI rats 3 days post-HUCBC transplantation (Ya-
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Fig. 5. Evidence of surviving HUCBC in a rat brain 7 d after a high dose of intravenous cell transplantation. Laser scanning fluorescent imaging of
double-labeled cells and three-dimensional image reconstruction revealed that HUNu™ cells (Alexa 488, green) were colocalized with DAPI (blue). (A)
The individual channels and their merged image clearly demonstrate the colocalization of DAPI and HuNu in the HI rat cortex ipsilateral to the lesion.
(B) HUNu™ cells in the graft are shown at higher magnification in left hemisphere. The co-labeling of DAPI and HuNu™ cells was highly cell-type
specific. (C) Representative orthogonal images showing the colocalization of HuUNu* cells and DAPI are presented. Red and green lines indicate
corresponding points in the orthogonal planes, confirming the localization of the labeling within the cell after the summation of serial optical sections.
(D) PCR analysis was performed to identify human cells in the rat brain. An agarose gel shows the presence of a band corresponding to the human
B-globin gene sequence in the ipsilateral and contralateral hemispheres. Positive control (PC); negative control (NC); ipsilateral hemisphere (IH);
contralateral hemisphere (CH). Calibration bars=10 um. For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.

suhara et al., 2010). Neurotrophic support may also be
responsible for axonal sprouting and consequently rescue
behavior. Using neuroanatomical tracing, Daadi et al.
(2010) demonstrated significant contralesional sprouting in
HI rats after neural stem cell transplantation (Daadi et al.,
2010). Additionally, some studies have reported that the
functional benefits of mononuclear cord blood are related
to an increase in endogenous neurogenesis. Bachstetter
et al. (2008) demonstrated that intravenous administration
of the mononuclear fraction of umbilical cord blood stimu-
lates neurogenesis in the brains of aged rats (Bachstetter
et al., 2008). Some authors have also suggested that
transplanted cord mononuclear cells have the ability to
modulate the post-injury inflammatory response thus facil-

itating the process of endogenous neurogenesis (Ven-
drame et al., 2005). Another important action mechanism
that needed to be considered is that a high dose of HUCBC
used in our study may have enhanced the blood vessel
formation in ischemic areas. As demonstrated by Ramos
et al. (2010), human cord blood is a source of endothelial,
myeloid, and lymphoid precursors. The endothelial cells
generated from common progenitors for the hematopoietic
and vascular lineages in cord blood mononuclear cell frac-
tion may be able to participate in new blood vessel forma-
tion (Ramos et al.,, 2010). However, more studies are
needed to confirm these suggested mechanisms.

In the present study, we detected double-labeled
HuNu™ cells 7 days after cell transplantation. Most of the
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HUCBC were widely dispersed throughout the cortical re-
gions and other structures of both hemispheres. In addi-
tion, PCR analysis performed 7 days after HUCBC trans-
plantation showed the presence of human B-globin in the
rat brains. Recently, it has been shown that stem cells
rapidly migrate to the lesion site within 4—10 days post-
transplantation in a rat model of HI (Obenaus et al., 2011).
Stromal cell-derived factor-1 (SDF-1) has been reported to
be an important player in the recruitment and homing of
transplanted HUCBC-derived mononuclear cells to the site
of the HI brain lesion in newborn rats (Rosenkranz et al.,
2010).

Translation of the experimental knowledge to human
trials using cell-based therapy should consider important
factors to bridge this gap. The optimization of the cell dose,
route and devices for cellular delivery, selection of the
optimal cell donor, timing of administration, and use of
associated interventions are fundamental issues that
should be addressed in the laboratory. As recommended
by the Stem cell Therapeutics as an Emerging Paradigm in
Stroke (STEPS) (Savitz et al., 2011) and Baby STEPS
guidelines (Borlongan and Weiss, 2011), the experimental
design for restorative therapies should include a cell dose-
response study to reveal not only the optimal therapeutic
dose, but also the maximum tolerable dose. With these
considerations in mind, we demonstrated that a single
intravenous transplantation of HUCBC dose-dependently
hinders brain damage and spatial memory deficits in neo-
natal HI. Although only the high dose (1x10® HUCBC)
promoted robust tissue neuroprotection and cognitive im-
provement, it may be interesting to test repeated dosing
regimen. Some clinical studies have indicated that trans-
plants using two cord blood units in hematological disease
are feasible and may increase the applicability of grafts
with a high cell dose. The authors also suggested that
techniques such as ex vivo cell expansion may provide a
good alternative to clinical use of high doses of HUCBC
transplantation (Stanevsky et al., 2010; Ballen et al., in
press; Kindwall-Keller et al., in press).

Today, four clinical trials promise relevant data on the
therapeutic use of umbilical cord blood transplantations in
pediatric patients with HI (phase | study at Duke University,
NCT00593242) and cerebral palsy (phase Il study at Duke
University, NCT01147653; phases | and Il at Georgia
Health Sciences University, NCT01072370; phase | study
at Sung Kwang Medical Foundation, NCT01193660). The
cellular dosing regimen varies from 1 to 5x107 cells/kg,
which is similar to human dose recommended for hema-
tological diseases in infants but smaller than high-dose cell
transplantation used in our study in rats weighting approx-
imately 20 g. Although the use of 1x108 HUCBC dose may
be difficult in the clinical setting because of the large num-
ber of cells needed, we suggest that our results may
support clinical trials using high doses of cord blood cells
taking into consideration three important factors presented
here: (1) neonate rats tolerated well the high dose of
human cells without specific side effects such as tumori-
genicity or embolism; (2) a proper human umbilical cord
blood collection provided a high dose of mononuclear cells

(=1x108) for transplantation in newborn rats; and (3) there
was a strong relationship between cell dosage, brain dam-
age regeneration, and impaired behavior recovery in HI.
Finally, we emphasize that the outcomes of further clinical
trials with a careful selection of homogeneous patients will
determine whether high doses of HUCBC transplantation
are clinically feasible and safe. Then, we could verify
whether the benefits of HUCBC transplantation corre-
spond to the expectations observed on experimental
scenario.

CONCLUSIONS

To our knowledge, this is the first study to demonstrate that
acute intravenous administration of HUCBC exerts a dose-
dependent effect on long-term behavior and morphological
outcomes in Hl-injured rats. Thus, these results bring us
closer to the clinical applications of cell-based therapy in
neonatal HI. In summary, our current study reveals the
therapeutic dose (1x 108 mononuclear cells) necessary to
promote robust tissue neuroprotection and stable func-
tional improvement. We emphasize that dosage is an im-
portant factor in optimizing cellular transplantation. How-
ever, other questions as to the follow-up time required for
neuroprotection and the additional action mechanisms de-
mand further investigations, as these are essential tools for
the translation of basic science to safe and effective clinical
therapies after neonatal brain damage.
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