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mediated beneficial effects on apoptosis, angiogenesis
and neuronal survival after hypoxic-ischemic brain injury
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Abstract Transplantation of human umbilical cord blood
(hucb) cells in a model of hypoxic-ischemic brain injury led
to the amelioration of lesion-impaired neurological and mo-
tor functions. However, the mechanisms by which trans-
planted cells mediate functional recovery after brain injury
are largely unknown. In this study, the effects of hucb cell
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transplantation were investigated in this experimental para-
digm at the cellular and molecular level. As the pathological
cascade in hypoxic-ischemic brain injury includes inflam-
mation, reduced blood flow, and neuronal cell death, we
analyzed the effects of peripherally administered hucb cells
on these detrimental processes, investigating the expression
of characteristic marker proteins. Application of hucb cells
after perinatal hypoxic-ischemic brain injury correlated with
an increased expression of the proteins Tie-2 and occludin,
which are associated with angiogenesis. Lesion-induced
apoptosis, determined by expression of cleaved caspase-3,
decreased, whereas the number of vital neurons, identified
by counting of NeuN-positive cells, increased. In addition,
we observed an increase in the expression of neurotrophic
and pro-angiogenic growth factors, namely BDNF and
VEGTF, in the lesioned brain upon hucb cell transplantation.
The release of neurotrophic factors mediated by transplanted
hucb cells might cause a lower number of neurons to un-
dergo apoptosis and result in a higher number of living
neurons. In parallel, the increase of VEGF might cause
growth of blood vessels. Thus, hucb transplantation might
contribute to functional recovery after brain injury mediated
by systemic or local effects.

Keywords Cell transplantation - Umbilical cord blood -
Neuronal survival - Apoptosis - Angiogenesis - Rat (Wistar)

Introduction

Hypoxic-ischemic brain injury is an important cause of
perinatal mortality und morbidity. The infants outliving this
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insult often suffer from permanent neurological deficits such
as spastic paresis, cerebral palsy, epilepsy, and disorders of
sensorimotor coordination (Volpe 2008, 2009). One of the
major causes of perinatal brain damage is severe fetal or
neonatal asphyxia (Berger and Garnier 2000; Jensen and
Berger 1991).

As efficient clinical or pharmaceutical strategies to pre-
vent or to reduce the incidence of perinatal hypoxic-
ischemic brain damage are limited, regenerative therapies
might provide an alternative. Over the past few years, trans-
plantation of stem cells became a very promising approach
for the putative treatment of neurological diseases in human
(Kim and de Vellis 2009; Park et al. 2009b).

The therapeutic potential of human umbilical cord blood
(hucb) cells in diseases of the nervous system has been shown
in many experimental animal models (Rosenkranz and Meier
2011) including this for perinatal hypoxic-ischemic brain
injury. Transplantation of hucb cells resulted in amelioration
of lesion-impaired neurological and motor functions (Geissler
et al. 2011; Meier et al. 2006; Pimentel-Coelho et al. 2010;
Yasuhara et al. 2010). In our model, the observed beneficial
effects correlate with the directed migration of hucb cells to
the lesioned brain area and with the detection of these cells in
this region up to 7 weeks after application (Geissler et al.
2011; Meier et al. 2006; Rosenkranz et al. 2010).

However, the mechanisms underlying the improvements
mediated by umbilical cells are largely unknown. Although
hucb cells are capable to differentiate into neural cells in
culture (Buzanska et al. 2002; Ha et al. 2001; Neuhoff et al.
2007; Sanchez-Ramos et al. 2001), cell replacement seems
to be a rare event in vivo (Garbuzova-Davis et al. 2003;
Zigova et al. 2002). Therefore research now focuses on
secondary mechanisms following hucb cell transplantation.
One potential mode of action might be the release of neuro-
trophic factors by transplanted umbilical cells, resulting in
indirect effects on the damaged host tissue. As we and
others have demonstrated before, hucb cells are capable of
secreting interleukins, growth factors, and chemotactic pro-
teins in vitro (Neuhoff et al. 2007; Newman et al. 2006).
Most of these secreted factors are renowned for their neuro-
protective, angiogenic, or anti-inflammatory actions (Bai et
al. 1997; Li et al. 2005; Nikkhah et al. 1993).

Given that cell death via apoptotic mechanisms is
one of the most detrimental processes caused by
hypoxic-ischemic injury (Hagberg et al. 2009; Hossain
2008), we analyzed the influence of transplanted hucb
cells on cleaved caspase-3 expression and on the num-
ber of NeuN-expressing cells in a model of hypoxic-
ischemic brain injury in newborn rats. In addition, we
investigated proteins associated with angiogenesis as
another potential downstream parameter.

Our results indicate that transplantation of hucb cells in a
model of hypoxic-ischemic brain injury correlates with
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decreased cleaved caspase-3 expression, increased expres-
sion of occludin and Tie-2, and an augmented number
NeuN-expressing cells. Together with the detected increase
in VEGF and BDNF mRNA expression in vivo after hucb
cell transplantation, our data correlate hucb cell transplanta-
tion with the observed beneficial effects on the lesioned
tissue.

Materials and methods

Preparation of hucb-derived mononuclear cells
for transplantation

Blood from umbilical cord and placenta was obtained from
the Department of Gynecology and Obstetrics (St. Elisabeth-
Hospital, Bochum, Germany), after receiving the mother’s
written informed consent. The umbilical vein was punctured
post partum, and the blood was collected in umbilical cord
blood collection bags containing citrate phosphate dex-
trose as anticoagulant (Maco Pharma, Langen, Germany)
and stored at 18 °C until further processing. Preparation of
the mononuclear cell fraction was performed by Ficoll Paque
(GE Healthcare, Munich, Germany) density gradient centrifu-
gation according to the manufacturer’s instructions. The
mononuclear fraction of cells was collected from the inter-
phase, and resuspended in phosphate-buffered saline (PBS).
Viability of mononuclear cells was 97+2% as determined by
toluidine blue staining.

The local Ethic Committee of the Ruhr-University
Bochum approved use of cord blood samples.

Animals and hypoxic-ischemic injury surgical procedure

All surgical and experimental protocols were approved by
the appropriate institutional review committee (LANUV
Recklinghausen, Germany) and met the guidelines of the
German animal protection law.

The Levine model (Levine 1960; Rice et al. 1981) was
used to achieve reproducible hypoxic-ischemic injury in
neonatal Wistar rats on postnatal day (P) 7 and was per-
formed as described previously (Meier et al. 2006). Briefly,
7-day-old Wistar rat pups were deeply anesthetized by in-
halation of isoflurane. The left common carotid artery was
exposed, double ligated, and severed. To induce systemic
hypoxia, the pups were exposed to a hypoxic gas mixture
(8 % oxygen/92 % nitrogen) for 80 min. The environmental
temperature was strictly maintained at 36 °C. Sham animals
were anesthetized and the left common carotid artery was
exposed, but not ligated. Sham animals did not undergo
systemic hypoxia.

Transplantation of hucb-derived mononuclear cells (1%
107/500 pl 0.9 % NaCl), or vehicle (NaCl) was performed
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by intraperitoneal injection 24 h after the insult as estab-
lished in previous studies (Geissler et al. 2011; Meier et al.
2006; Rosenkranz et al. 2010) without any further use of
anesthesia or immunosuppressant.

At P9 and P21, i.e. 2 and 14 days after the insult, rats were
anesthetized and decapitated. Brains were dissected and mac-
roscopic brain injury was assessed immediately (Bona et al.
1997). For immunoblot analysis and isolation of RNA, brains
were trimmed (—3 mm frontal, —2 mm occipital), and left and
right hemispheres were separated and frozen in liquid nitrogen
until further processing. All further animal testing and quanti-
fications were performed in a blinded fashion.

Animal groups used in this study were as follows: sham;
sham+hucb (=sham with transplantation of hucb cells); le-
sion (=hypoxic-ischemic lesion with transplantation of ve-
hicle); lesion+thucb (=hypoxic-ischemic lesion with
transplantation of hucb cells).

Immunoblots

Immunoblot analysis was performed as described previous-
ly (Neuhoff et al. 2007). Proteins (10 pg/lane) were sepa-
rated on 10 % SDS-polyacrylamid gels. After
electrophoretic transfer of proteins, nitrocellulose mem-
branes were incubated with primary antibodies at 4 °C
overnight. After washing, the immunoblots were incubated
with horseradish—peroxidase-conjugated secondary antibod-
ies (1:8000; Jackson ImmunoResearch, Newmarket, UK)
for 1 h. Visualization was performed by enhanced chemilu-
minescence detection (GE Healthcare).

Quantification was carried out by densitometric analysis
of signal intensities (Jackson ImmunoResearch) using actin
expression for normalization. All sham-values were set to
100 %, thus allowing comparison of samples within one
time point only. Immunoblot analyses were performed in
three independent experiments and are expressed as mean =+
standard error of the mean. Primary antibodies were as
follows: cleaved caspase-3 (1:100; Cell Signaling Technol-
ogy, Danvers, USA), Tie-2 (1:100; Santa Cruz Biotechnol-
ogy, Heidelberg, Germany), NeuN (1:100; Millipore,
Schwalbach, Germany), (3-actin (1:8000; Sigma-Aldrich,
Taufkirchen, Germany).

Immunohistochemistry and histological analysis

Brains were covered in tissue freezing medium (Leica,
Nussloch, Germany) and cryopreserved. Histology and
immunohistochemistry were performed on cryosections
of 12-um thickness. Precise localization of the lesion
areas was assured by histological staining according to
Kluever—Barrera, showing myelinated fiber tracts in light
green and cell bodies in blue. Immunohistochemistry was
performed as described previously (Meier et al. 2006).

Fluorescence was documented using conventional fluores-
cence microscopy (Zeiss 200 M inverted microscope
including the Apotome device). Data were exported as
TIFF files into Adobe Photoshop CS2 (Adobe Imaging
Systems, USA). For all immunohistochemical analysis
controls omitting the primary antibody were performed.
Primary antibodies were: cleaved caspase-3 (1:100; Cell
Signaling Technology), NeuN (1:100; Millipore), occlu-
din (1:100; Zymed Laboratories, San Francisco, USA).
Secondary antibodies were: Alexa Fluor™ 488 or 546
conjugated goat-anti-rabbit or goat-anti-mouse (1:3,000;
Invitrogen, Karlsruhe, Germany).

Quantification of immunohistochemical signals

Randomly selected animals were assigned to three different
experimental groups and investigated at P21: sham (n=3),
lesion with transplantation of vehicle (lesion; n=3), and
lesion followed by intraperitoneal transplantation of 1x10’
mononuclear cells (lesion+hucb; n=3). Quantification was
performed on cryosections at a level corresponding to Breg-
ma —2.9£0.5 mm in the adult brain by determining expres-
sion in eight/ten brain regions per hemisphere (Rosenkranz
et al. 2010). Photographs of these regions were taken and
used for quantification of the immunosignal (imageJ) and
the number of immunopositive cells (cell counts).

In the imageJ program (NIH, http://rsb.info.nih.gov/ij/),
the threshold mode was applied to photographs, i.e. any
fluorescent signal, irrespective of its intensity, was assigned
black color, and any area devoid of immunostaining was
attributed white. The areca covered by the fluorescent
signal (black) was expressed as percent of the back-
ground (white).

For quantification of cell numbers, counting of immuno-
positive cells was carried out in the photographs of eight (for
NeuN) or ten (for cleaved caspase-3) brain regions per
hemisphere.

In both methods, the mean of all regions investigated per
hemisphere was compared for statistical analysis. The
graphs represent the mean of three individual analyzed
animals per group.

Quantitative real time polymerase chain reaction

For detection of the growth factors BDNF and VEGF in the
rat brain after transplantation of hucb cells, real time PCR
was carried out. RNA was extracted from brain tissue (sham
(n=3); sham+hucb (n=3); lesion (n=3); lesion+hucb (n=
3)), and reversed transcribed three times independently.
Primers for real time PCR were as follows: BDNF-
upstream primer (USP): 5’-actctggagagcgtgaatgg-3° (Asai
et al. 2007), BDNF-downstream primer (DSP): 5’-tccaaagg
cacttgactget-3°, VEGF-USP: 5’-acgaaagcgcaagaaatccc-3’,
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VEGF-DSP: 5’-tgcaacgcgagtctgtgttt-3°, 18S-USP: 5°-
agaacgaaagtcggaggttcg-3’, 18S-DSP: 5’-tgagtcaaattaagccg
cagg-3’. The rat specific VEGF primer sequences were
according to Wakabayashi et al. (2010).

Cycling was performed using Sybr Green (Eurogentec,
Seraign, Belgium) on the GeneAmp 5700 Sequence Detec-
tion System (Applied Biosystems, Darmstadt, Germany) or
on the DNA Engine Opticon 2 Realtime System (Biorad
Laboratories, Munich, Germany). All experiments were per-
formed three times independently in sets of left hemispheres
analyzed in triplicate. The average Cycle threshold (Ct)
values of three independent experiments were used to cal-
culate the ratios using the equation procedure introduced by
Pfaffl (2001). Primer efficiencies were calculated using the
LinRegPCR program (Ramakers et al. 2003). Calculation of
ratios, standard error, and statistical analysis were performed
using the Relative Expression software Tool (REST) (Pfaffl
et al. 2002), with ratio of sham values set 1.

Statistical analysis

Initial analysis of variance (ANOVA) was followed by
Tukey HSD post hoc test using the SPSS 18 statistic pro-
gram. A probability of error less than 0.05 (p<0.05) was
considered statistically significant. All data are expressed as
mean =+ standard error of the mean.

For statistical analysis of the ratios of real time PCR
results, we used the Relative Expression software Tool
(REST) (Pfaffl et al. 2002).

Results

Hucb cell transplantation promotes neuronal survival
after hypoxic-ischemic brain injury

Expression of cleaved caspase-3, a protein activated during
apoptosis, was used to determine the extent of cell death. We
performed immunohistochemistry on cryosections using
anti-cleaved caspase-3 antibodies 14 days after induction
of the lesion at postnatal day (P) 21. Quantification of
cleaved caspase-3 immunoreactivity in ten corresponding
regions of the lesioned/left and the intact/right hemisphere
(Fig. la—d), revealed a significantly higher immunoreactiv-
ity in left hemispheres of lesioned animals compared to left
hemispheres of sham animals (p<0.05; Fig. 1e). After trans-
plantation of hucb cells, this increase of cleaved caspase-3
immunoreactivity in the lesioned hemisphere was no longer
significant compared to sham animals (Fig. le). Also, the
significant difference within the lesion group was no longer
present upon hucb treatment (Fig. 1e).

At P21, right hemispheres of all groups showed minimal
cleaved caspase-3 immunoreactivity, and quantification of
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expression did not show any significant differences between
experimental groups (Fig. le).

In addition to quantification of immunosignals using imagel,
we counted cleaved caspase-3 immunopositive cells in these
ten brain regions of the three animal groups (sham, lesion,
lesion+hucb). Cell numbers increased significantly in the lesion
group compared to the sham group (Fig. 11). After transplanta-
tion of hucb cells, these differences were no longer significant
(Fig. 1f). The comparison of left and right hemispheres within
the individual groups showed significant differences between
the lesion group and the group of lesion+hucb (Fig. 1f).

Supplementarily, we investigated expression of cleaved
caspase-3 after immunoblot analysis in left hemispheres of
the three groups (sham, lesion, lesion+hucb) (Fig. 1g). Two
different time points were investigated, i.e. 2 days (at P9)
and 14 days (at P21) after induction of the lesion. At both
time points, left hemispheres of lesion animals expressed
higher amounts of cleaved caspase-3 compared to sham
animals (sham=100 %). Expression of cleaved caspase-3
protein in the lesion+hucb group decreased in comparison to
the lesion group. At P21, protein levels of cleaved caspase-3
in animals of lesion+hucb reached nearly baseline values as
observed in sham animals (Fig. 1g).

Because neuronal cells are most affected by apoptosis in
the model of perinatal brain injury, we decided to assess
neuronal cell numbers in vivo using the neuronal nuclei
protein (NeuN) as a marker.

Immunohistochemical analysis was carried out to evaluate
the number of NeuN-immunopositive cells in left and right
brain hemispheres of the three animal groups (sham, lesion,
lesion+hucb). The number of immunopositive cells was quan-
tified in eight defined regions of each hemisphere (Fig. 2a). At
P21, the reduced number of NeuN-immunopositive cells ob-
served in left hemispheres of lesion and lesion+hucb groups
was not significantly different from sham animals (Fig. 2b, c,
e). However, quantification of NeuN-immunopositive cells in
left and right hemispheres within the experimental groups
revealed significant differences in the group of lesion and
lesiont+hucb (p<0.05; Fig. 2e).

Immunoblot analysis revealed a significant decrease of
NeuN protein expression 2 days after hypoxic-ischemic brain
injury (P9). Upon transplantation of hucb cells, this decrease
was no longer present and NeuN expression differed signifi-
cantly from that observed in the lesion group (»<0.05;
Fig. 2f). At P21, there were no significant differences in NeuN
expression between any of the experimental groups (Fig. 2f).

Changes in expression of occludin and Tie-2 after hucb cell
transplantation

Blood vessels of the immature brain are another major target
of perinatal hypoxic-ischemic brain injury. Their perturba-
tion causes perivascular edema and disruption of the blood-
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Fig. 1 HUCB cell transplantation after hypoxic-ischemic brain injury
leads to a reduction of cleaved caspase-3. a Schematic representation
of a P21 rat brain with hypoxic-ischemic lesion showing the ten
regions in the ipsilateral (black circles) and contralateral (white circles)
hemispheres chosen for quantification. For evaluation of cleaved
caspase-3 expression (red), immunohistochemistry was performed in
three experimental groups: b sham, ¢ lesion, d lesion+hucb. e Quanti-
fication of the immunosignal of cleaved caspase-3 at P21 in ten regions

brain-barrier. Thus, we investigated effects of hucb cell
transplantation on the expression of endothelial proteins
associated with angiogenesis, like the angiopoietin receptor

per section using the Imagel] program. f Quantification of the mean
number of cleaved caspase-3 positive cells counted in ten regions per
section. g Quantification of cleaved caspase-3 protein expression after
immunoblot analysis at P9 and P2/. Analyses were performed in left
hemispheres of sham, lesion and lesion+thucb animals. Significant
differences (p < 0.05) are indicated by ***. Hoechst staining (blue)
labeled all nuclei (b—d). Scale bar 50 pm

tyrosine kinase with immunoglobulin-like and EGF-like
domains (Tie)-2, and with blood—brain barrier integrity, like
the tight junction protein occludin.
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Fig. 2 Positive effects on neuronal survival after transplantation of
hucb cells. a Schematic representation of a P21 rat brain with hypoxic-
ischemic lesion showing the eight regions in the ipsilateral (black
circles) and contralateral (white circles) hemisphere chosen for count-
ing of NeuN-positive cells. NeuN immunohistochemistry (green) was
performed on brain sections at P21 of animals of the following groups:
b sham, ¢ lesion and d lesion+hucb (lesion plus additional application
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of hucb cells). e Quantification of the mean number of NeuN-
immunopositive cells in the ipsilateral and contralateral hemispheres
of the three experimental groups. f At P9 and P2/, immunoblot
analysis of NeuN expression was performed in left hemispheres of
animals of the sham, lesion, and lesion+hucb group. Significant differ-
ences (p<0.05) are indicated by ***. Hoechst staining (blue) labeled
all nuclei (b—d). Scale bar 50 um
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Expression of occludin was analyzed immunohistochemi-
cally. For quantification of occludin immunoreactivity at P21,
we determined the area covered by the immunostaining in ten
regions of the ipsilateral and contralateral hemisphere (Fig. 3a).
In Fig. 3b, a characteristic immunohistochemical staining of
occludin is shown at high magnification. Representative lower
magnification images used for quantification of occludin are
provided in Electronic Supplementary Material, Fig. S1. Sta-
tistical evaluation exhibited a significant increase of occludin
immunosignal in left hemispheres of the lesion group com-
pared to right hemispheres of the lesion group (p<0.05;
Fig. 3c). After hucb cell transplantation, significant differences
between hemispheres were no longer present.

In order to determine the expression of Tie-2, immunoblot
analysis was carried out and protein levels of Tie-2 were
quantified in left hemispheres of the three animal groups. Tie-
2 showed a reduced expression in the lesion group as compared
to animals of the sham group, which was significant at P9 but
not at P21 (Fig. 3d). After transplantation of hucb cells, signif-
icant differences were no longer detectable (Fig. 3d).

Local effects in the brain: Increased expression of BDNF
and VEGF one day after hucb cell transplantation

Observed effects in the brain, i.e. reduced cleaved caspase-3
expression, increased protein levels of Tie-2 and occludin,
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Fig. 3 Transplantation of hucb cells affects expression of the proteins
Tie-2 and occludin in vivo. a Schematic view of a rat brain with
hypoxic-ischemic brain injury at P21 with circles labeling the regions
chosen for quantification of occludin immunoreactivity. b Representa-
tive image of occludin immunolabeling (green); nuclei are labeled in
blue (Hoechst staining). ¢ Quantification of occludin immunoreactivity
(mean of all regions investigated) in ipsilateral and contralateral
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and an increase in the number of NeuN-positive cells, cor-
relating with intraperitoneal application of hucb cells might
be mediated by local effects, for instance by the secretion of
paracrine factors.

In order to investigate whether the observed beneficial
effects after transplantation of hucb cells might be due to the
secretion of growth factors in vivo, we exemplarily analyzed
the expression of two potentially relevant growth factors 2
and 14 days after the insult, i.e. at P9 and P21. Brain-derived
neurotrophic factor (BDNF; Fig. 4a) was shown to partici-
pate in inhibition of apoptosis and inflammation (Almeida et
al. 2005; Makar et al. 2008), whereas vascular endothelial
growth factor (VEGF; Fig. 4b) even has, besides its re-
nowned vasodilatative and pro-angiogenic effects, a neuro-
protective function (Jin et al. 2002). For the determination of
changes in expression of these two growth factors, quanti-
tative real time PCR was performed in left hemispheres of
three experimental groups (sham, lesion, lesionthucb) using
non-species-specific primer pairs. As shown in Fig. 4a, c,
expression of both BDNF and VEGF significantly de-
creased 2 days after hypoxic-ischemic brain damage. Trans-
plantation of hucb cells, in turn, yielded in an up-regulation
of BDNF and VEGF mRNA expression as compared to the
lesion group, which was significant for VEGF (Fig. 4a, c).
Fourteen days after the insult, mRNA expression of both
growth factors was similar between all experimental groups

sham M lesion W lesion
+hUCB

e

intensity of Tie-2
expression (%)
1]

P9 P21

hemispheres at P21 in the following experimental groups: sham, lesion,
lesion+huch. d Quantitative analysis of Tie-2 protein expression at two
different time points, P9 and P2/. Immunoblot analysis was performed
in left hemispheres of sham, lesioned, and lesioned animals with hucb
cell transplantation (lesionthucb). Significant differences of p<0.05
are indicated by ***. Scale bar 50 pm
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(P21; Fig. 4a, c). In addition, expression in sham animals
was compared to that in sham animals that received hucb
transplantation (sham-+hucb). A significant increase in the
expression of both growth factors was observed in sham
+hucb animals at P9 (Fig. 4b, d). Furthermore, we per-
formed real time PCR with rat specific VEGF primers
(Wakabayashi et al. 2010) using the same experimental
groups. At P9, lesion-associated reduction of rat VEGF
mRNA was less pronounced in the lesion+hucb group (Elec-
tronic Supplementary Material, Fig. S2).

Discussion

Insufficient supply of oxygen (hypoxia) or poor blood flow
(ischemia) in the neonatal brain leads to activation of pri-
mary and secondary cell death cascades, i.e. necrosis and
apoptosis, to disturbed blood vessel integrity as well as to a
local and/or systemic immune reaction. The prevention of
severe impairments resulting from hypoxia-ischemia is a
major goal of current therapeutic developments, cell therapy
being one of them. We have previously demonstrated in a rat
model of perinatal hypoxic-ischemic brain damage that
transplantation of umbilical cord blood cells was associated
with an amelioration of lesion-impaired sensorimotor be-
havior (Meier et al. 2006). In view of the cascade of patho-
physiological events, any therapy must have the aim of
preventing the detrimental processes associated with the
second phase after the insult (Rosenkranz and Meier
2011). Here, we investigate whether the beneficial effects
of hucb cell transplantation are indeed associated with (1)
the decline in harmful processes of the secondary phase after
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the insult, including apoptosis, and (2) the increase of ben-
eficial processes, like angiogenesis and neuronal survival.
Together, the positive effects of hucb cell transplantation
might be due to the establishment of a regenerative envi-
ronment in the brain.

The secondary and final cell loss in the brain is mediated
mainly by apoptosis (Hagberg et al. 2009; Nakajima et al.
2000). Hypoxic-ischemic injury in the immature brain leads
to induction of apoptosis associated with extensive activa-
tion of caspase-3 (Wang et al. 2001), whereas hucb cell
transplantation was associated with reduced levels of
cleaved-caspase-3 protein, pointing to reduced apoptosis.
Pimentel-Coelho et al. (2010) also observed the constraint
of apoptosis upon hucb cell transplantation after hypoxic-
ischemic brain damage; however, in their study, the effects
were demonstrated for the striatum only. A reduction of
neuronal cell death as observed in our model of perinatal
hypoxic-ischemic injury has also been reported in an adult
model of stroke, where a significant decrease in apoptosis
was observed 28 days after transplantation of bone marrow
stromal cells (Chen et al. 2003a).

As neurons are most sensitive to anoxia, and as caspase-3
is involved in the apoptotic pathway of neurons, neuronal
cell numbers were evaluated in our experimental paradigm
using NeuN. Upon transplantation of hucb cells, NeuN
protein expression, reflecting the number of NeuN-positive
cells, was significantly higher than in animals of the lesion
group. As this increase was observed rapidly, i.e. within
1 day after transplantation, neurogenesis seems an unlikely
reason. This is further supported by the fact that NeuN is a
marker for mature neurons and therefore improbable to be
expressed within 1 day after generation of neurons. Thus,
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the increase in the number of NeuN-expressing cells is
likely related to improved survival. However, hypoxia has
also been described to result in the down-regulation of
NeuN protein not associated with cell death (Unal-Cevik
et al. 2004).

The integrity of brain blood vessels is another important
event disturbed by hypoxic-ischemic brain injury. After the
insult, inadequate circulation leads to tissue death. Angio-
genesis, i.e. the growth of new capillary blood vessels, is the
attempt to restore blood flow. The Angiopoetin-1/Tie-2 sys-
tem is crucial for angiogenesis during development and
upon impairment of adult brain by ischemia or during tumor
vascularisation (Fukuhara et al. 2008).

Indeed, in our study, Tie-2 protein expression decreased 2
and 14 days after the insult, pointing to a lesion-induced
diminishment of existent and regenerated blood vessels. In
turn, Tie-2 protein levels were higher after hucb cell trans-
plantation. New blood vessel formation will improve blood
supply to the injured region, thereby efficiently providing
nutrients and oxygen to the degenerating and regenerating
neurons in the lesioned brain.

Breakdown of the blood-brain barrier (bbb) is another
consequence of ischemia and was traced back to a loss of
the tight junction proteins occludin and zonula occludens-1
(ZO-1) (Bolton et al. 1998; Liu et al. 2009). In our study,
occludin expression also decreased after the insult, which is,
with occludin being an integral component of the bbb
(Balda et al. 1996), indicative of a disturbed bbb composi-
tion. Again, hucb cell transplantation was associated with an
increase in occludin expression, possibly pointing to the
molecular reconstruction of the bbb.

To investigate potential factors mediating generalized
effects on angiogenesis and neuronal survival, expression of
BDNF and VEGF were exemplarily analyzed. Both growth
factors are secreted by hucb cells in vitro (Neuhoff et al. 2007)
and both are expressed within the brain. The neurotrophic
factor BDNF participates in proliferation and differentiation
of cells, as well as in inhibition of apoptosis and inflammation
(Almeida et al. 2005; Makar et al. 2008). Application of
BDNF protected the neonatal rat brain from hypoxic-
ischemic injury (Han and Holtzman 2000). VEGF was shown
to be a major contributor to angiogenesis (Marti 2002; Park et
al. 2009a). Furthermore it was demonstrated that VEGF treat-
ment in vivo and in vitro could provide protection against
several forms of neuronal injury independently of its angio-
genic action (Jin et al. 2002; Plate et al. 1999).

The significant decline of BDNF and VEGF mRNA
levels after hypoxic-ischemic brain injury was no longer
present in the lesion group that received transplantation of
hucb cells. A raised expression of VEGF and the associated
enhanced angiogenesis was also observed after transplanta-
tion of bone marrow-derived cells in a model of stroke
(Chen et al. 2003b).

@ Springer

Expression of BDNF and VEGF could account for many
of the beneficial effects observed after hucb cell transplan-
tation. In terms of apoptosis and neuronal survival, it was
demonstrated that application of BDNF blocks activation of
caspase-3 in a model of neonatal hypoxia-ischemia, likely to
account for the protective action of BDNF against neuronal
injury (Han et al. 2000). Moreover, VEGF was shown to
provide neuroprotective effects via down-regulation of
caspase-3 in a mouse model of intracerebral hemorrhage
(Lee et al. 2007). Furthermore, the neuroprotective effect
of VEGF is accomplished by an active regulation of the
expression of pro-and anti-apoptotic factors (Jin et al. 2002;
Sun et al. 2003).

Increased expression of BDNF and VEGF mRNA in
lesioned brains after hucb cell transplantation might even
have an influence on angiogenesis. There has been a study
reporting that overexpression of BDNF in mouse hearts
resulted in increased capillary density and reduced endothe-
lial cell apoptosis (Donovan et al. 2000), whereas after up-
regulation of VEGF, enhanced neovascularization and an-
giogenesis were observed in ischemic brain (Zhang et al.
2000).

Thus, with the observed restoration of BDNF and VEGF
expression levels, hucb cells might also exert generalized
effects on neuronal survival and angiogenesis. The increase
of BDNF and VEGF in the lesion+hucb group was 5.3-fold
and 4.0-fold, respectively, when compared to the lesion
group. Interestingly, transplantation of hucb cells to sham
animals (sham+hucb) also resulted in a corresponding in-
crease of BDNF (3.5-fold) and a slightly lower increase of
VEGF expression (1.7-fold) when compared to non-
transplanted sham groups.

Because the primer pairs used for real time PCR analysis
in general recognized both human and rat mRNA, it is not
clear whether expression of these two factors occurs in hucb
cells themselves or whether hucb cells induce endogenous
rat cells to express and secrete BDNF and VEGF. Therefore,
an increase in mRNA expression following hucb transplan-
tation as detected by non-species-specific primers, might
reflect the number of human cells in the brain. As PCR
analysis using rat-specific primers did not reveal significant
changes in expression, the source of these growth factors
could not be determined unequivocally in our study. How-
ever, an increase of rat VEGF and BDNF mRNA levels has
been described upon transplantation of human mesenchymal
stem cells in a middle cerebral artery occlusion model
(Wakabayashi et al. 2010), supporting the hypothesis that
human cell transplantation might induce expression of en-
dogenous growth factors in the lesioned rat brain.

The present study provides an insight into the mecha-
nisms by which hucb cells may exert their beneficial effects
on the lesioned brain. The investigation of a therapeutic
action of hucb cells comprised local effects in the damaged
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brain including expression of Tie-2, occludin, cleaved
caspase-3, and NeuN. The determination of increased
BDNF and VEGEF levels in vivo supports the hypothesis
of an indirect action of these cells.

Taken together, the results indicate that neurological and
motor improvements observed after hucb cell transplanta-
tion are likely due to the release of trophic factors. These
effects may contribute to a regenerative environment, allow-
ing neuroplasticity and functional regeneration (Geissler et
al. 2011) to occur.
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