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Human umbilical cord blood mononuclear cells (HUCB) have been shown to have a therapeutic role in different 
models of central nervous system (CNS) damage, including stroke. We evaluated the possible therapeutic poten-
tial of HUCB in P7 rats submitted to the Rice-Vannucci model of neonatal hypoxic–ischemic (HI) brain damage. 
Our results demonstrated that intraperitoneal transplantation of HUCB, 3 h after the HI insult, resulted in better 
performance in two developmental sensorimotor refl exes, in the fi rst week after the injury. We also showed a 
neuroprotective effect in the striatum, and a decrease in the number of activated microglial cells in the cerebral 
cortex of treated animals. We suggest that HUCB transplantation might rescue striatal neurons from cell death 
after a neonatal HI injury resulting in better functional recovery.

Introduction

Neonatal hypoxic–ischemic (HI) encephalopathy due 
to perinatal asphyxia is an important cause of death 

in the neonatal period, in both developing and developed 
countries [1]. Among the surviving infants, up to 25% will 
have a permanent neurologic defi cit in the form of cerebral 
palsy, epilepsy, learning disability, or mental retardation [2]. 
Treatment is currently limited to supportive intensive care. 
Given the severity of the problem, it is necessary to fi nd new 
approaches that could reduce the neurologic sequelae of HI 
newborns.

Human umbilical cord blood (HUCB) is a source of 
hematopoietic stem/progenitor cells, endothelial pro-
genitors, and mesenchymal stem/progenitors. Since 1989, 
when the fi rst successful umbilical cord transplantation 
was reported in a child with Fanconi anemia, thousands 
of transplants have been carried out, as a therapy for cer-
tain malignant and nonmalignant hematological disorders 
[3]. Moreover, in the last few years, preclinical studies have 
shown that HUCB injected systemically in the acute phase of 
animal models of stroke have a therapeutic effect. These cells 

can reduce the area of brain infarction [4] and the infl amma-
tion [5], and increase the regenerative capacity of the brain 
[6], improving behavioral recovery [7].

However, the mechanisms involved in neuronal cell death 
after ischemic lesions differ in the newborn and the adult 
brain, with age-dependent differences in mitochondrial 
responses to injury [8], and increase activation of caspase-3 
in the immature than in the juvenile or the adult brain. In 
the former, there is also an increased secondary loss of tis-
sue caused by maturational and trophic disturbances related 
to the primary loss of tissues that are important for the early 
postnatal development of the brain [9].

The potential of HUCB to reduce the neurologic defi cits 
associated with neonatal hypoxia–ischemia was shown in 
rats in a study that assessed the functional benefi ts of these 
cells, using a walking-pattern analysis test. The HUCB 
cells, when injected intraperitoneally 24 h after the insult, 
migrated to areas of brain damage in large numbers, and 
alleviated the spastic paresis of the animals [10]. However, 
the mechanisms involved in this improvement were not 
investigated.

STEM CELLS AND DEVELOPMENT
Volume 19, Number 3, 2010
© Mary Ann Liebert, Inc.
DOI: 10.1089/scd.2009.0049

08-SCD-2009_0049.indd   351 3/1/2010   10:39:21 PM



PIMENTEL-COELHO ET AL.352

Neurological outcome

Three developmental sensorimotor refl exes were evalu-
ated, and refl ex performance was compared among the 
groups. The refl exes were evaluated at the indicated times:

a.  Cliff aversion refl ex: Animals were placed with their fore-
paws overhanging the edge of a board. The time required 
(in seconds) to turn away from the edge (90°) was recorded 
at 2, 4, and 7 days after the injury.

b.  Negative geotaxis refl ex: Pups were placed head down-
ward on an inclined board (35°) 30 cm long. The hind 
limbs of the pups were placed in the middle of the board. 
The time (in seconds) required to rotate their bodies 
head-up (180°) was recorded at 2, 4, and 7 days after the 
injury.

c.  Gait: Animals were placed in the center of a white paper 
circle 13 cm in diameter. The time (in seconds) that 
they took to place both forelimbs outside the circle was 
recorded. Since none of the animals moved from the cen-
ter of the circle at P9, we evaluated this test at 4, 7, and 10 
days after the injury.

Pups were given 5 min of rest between each refl ex assess-
ment. If the animal was unable to perform the refl ex within 
60 s, the maximum time was assigned.

Histological and immunohistochemical analysis

Animals were allowed to survive for 2 or 7 days after 
HI, and they were then reanesthetized with sevofl urane. 
Animals were fi xed by transcardiac perfusion with a solu-
tion of 4% paraformaldehyde in 0.1 M phosphate-buffered 
saline, and the brains were removed. After cryoprotection, 
14-μm thick coronal sections were cut, with the use of a 
cryostat.

After blocking with 5% normal goat serum in phosphate-
buffered saline for 30 min, sections were incubated with pri-
mary antibody at 4°C overnight, followed by the appropriate 
secondary antibody for 2 h at room temperature.

Primary antibodies (dilution and supplier in parenthe-
ses) were directed against cleaved caspase-3 (1:100; ABCAM, 
Cambridge, MA, USA), CD68 (ED1; 1:100; Serotec, Dusseldorf, 
Germany), glial fi brillary acidic protein (GFAP; polyclonal: 
1:500; Dako, Carpinteria, CA, USA), and human nuclei (1:100; 
Chemicon International, Temecula, CA, USA).

Secondary antibodies were Alexa Fluor 488-conjugated 
goat anti-rabbit (1:200; Invitrogen), Cy3-conjugated goat 
anti-rat IgG (1:1,000; Jackson, West Grove, PA, USA), or Cy3-
conjugated goat anti-rabbit (1:800; Jackson). Sections were 
mounted using Vectashield (Vector, Burlingame, CA, USA).

For assessment of tissue damage, three sections, start-
ing from the level of the lateral ventricle, 154 μm from each 
other, were stained with Fluoro-Jade C or immunostained 
for ED1. Fluoro-Jade C stain mainly identifi es degenerat-
ing neurons and it was done as previously described by 
Leonardo et al. [11]. The number of stained cells in one fi eld/
section was counted, under 20× magnifi cation, in the stria-
tum and in the parietal cortex, for Fluoro-Jade C (2 days after 
the injury); and in the striatum, cerebral cortex, dorsolateral 
subventricular zone, and external capsule for ED1 (7 days 
after the injury). Three other sections were immunostained 
for activated caspase-3 (2 days after the injury). The number 

In our study, we injected HUCB into newborn rats after 
the induction of HI brain damage in order to evaluate the 
possible therapeutic role of these cells and the mechanisms 
involved in this effect. Our results demonstrated that trans-
plantation of HUCB cells resulted in a better performance in 
two of three developmental sensorimotor refl exes after the 
HI insult. We also showed that in the treated group, there 
was a reduction in cell death in the striatum and a decrease 
in the number of activated microglial cells in the cerebral 
cortex. We suggest that HUCB cells have a neuroprotec-
tive role in the HI model, and as a consequence, the treated 
animals have better functional recovery than the untreated 
group.

Materials and Methods

HUCB sources and preparation

Human umbilical cord blood was collected from full-term 
newborns in bags containing citrate phosphate dextrose as 
an anticoagulant (JP Indústria Farmacêutica, Brazil). All 
the mothers who donated cord blood gave their informed 
consent. After centrifugation at 1,200g for 30 min at 4°C, the 
mononuclear cells were isolated by a Ficoll density gradi-
ent, washed with 0.1 mol/L PBS, resuspended in bovine fetal 
serum with 10% DMSO (Merck, Darmstadt, Germany), and 
frozen in liquid nitrogen until the injection.

Neonatal hypoxic–ischemic brain damage

Protocols were approved by the animal care committee 
of the Federal University of Rio de Janeiro. At postnatal day 
7 (P7), male Lister-Hooded rat pups were submitted to HI 
following the Rice-Vannucci model of neonatal HI brain 
damage [2]. In this model, P7 pups had the right common 
carotid artery ligated using 5–0 silk suture under sevofl u-
rane anesthesia (Sevorane, Abbott, São Paulo, Brazil). After a 
2-h recovery period, pups were placed in a hypoxia chamber 
with a fl ow of O2 (8%) and N2 (92%) for 90 min. The hypoxia 
chamber was kept in a temperature-controlled water bath, to 
maintain the temperature inside the chamber at 37°C. Sham 
controls underwent anesthesia and incision only. The pups 
were returned to their dams, and the litter size was adjusted 
to 6–8 pups per dam. The number of animals used for each 
experiment is shown in Table 1.

Transplantation

Cryopreserved HUCB were rapidly thawed at 37°C and 
resuspended in DMEM/F12 (Invitrogen, Carlsbad, CA, 
USA). Nucleated HUCB were counted with a cytometer to 
ensure adequate cell numbers for transplantation. Viability 
was determined by the Trypan blue dye exclusion method. 
The fi nal dilution was 2 × 106 cells in 200 μL DMEM for 
intraperitoneal injection, 3 h after the hypoxia, in the treated 
group (HI + HUCB). The untreated group (HI + vehicle) 
received an intraperitoneal injection of 200 μL DMEM. Thus, 
we had three experimental groups: sham, HI + vehicle, and 
HI + HUCB. In order to label the cells, HUCB were incu-
bated with CellTrace Far Red DDAO-SE (Invitrogen) for 
30 min, at 37°C, before they were injected into three animals 
of the HI+HUCB group.
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the same time to move off the circle, at all ages examined 
(data not shown).

These results indicate that HI brain injury retards the 
development of the cliff aversion and negative geotaxis 
refl exes, and that HUCB transplantation can prevent this 
impairment. The gait refl ex is not altered after a moderate 
to severe HI insult.

of cells expressing activated caspase-3 was counted in one 
fi eld of the parietal cortex, under 40× magnifi cation, in a 
7.68-μm thick confocal reconstruction. In the striatum, the 
cells were counted under 20× magnifi cation, in a 9.25 μm 
confocal reconstruction.

Fluorescence was documented using confocal imaging 
microscopy (Zeiss LSM 510 META; Carl Zeiss, Gottingen, 
Germany) or Apotome microscopy (Carl Zeiss).

Statistical analysis

Statistical comparisons among groups were determined 
using the Mann–Whitney test for the histological analysis. 
For the functional outcome analysis, statistical comparisons 
were made using one-way ANOVA with Bonferroni’s post-
test. P < 0.05 was considered statistically signifi cant. All 
analyses were performed using GraphPad Prism  version 4.02 
for Windows (GraphPad Software, San Diego, CA, USA).

Results

Rice-Vannucci model of neonatal HI resulted 
in extensive brain damage

Combining permanent occlusion of the right common 
carotid artery with 90 min of hypoxia (92% N2 + 8% O2) 
resulted in moderate to severe brain damage in P7 male 
pups. We chose to work only with males because recent 
studies have indicated differences between the sexes in 
susceptibility to HI [12]. Only 2 days after the HI insult, 
we observed, in cresyl violet-stained sections, areas of 
brain damage in the hemisphere ipsilateral to the ischemia, 
including the cerebral cortex and the striatum (Fig. 1A). 
Seven days after the insult, the damage evolved to an atro-
phy of these areas. At this time there was an ex vacuum 
ventriculomegaly in the ipsilateral hemisphere, and poren-
cephalic cysts were formed (Fig. 1B). Immunostaining for 
GFAP revealed that these cysts were surrounded by reac-
tive astrocytes (Fig. 1C).

HUCB transplantation resulted in a better functional 
outcome after neonatal HI brain injury

Negative geotaxis refl ex. In this refl ex, we recorded the 
time that the animals took to turn 180°, rotating their bodies 
head-up. At P9, P11, and P14, HI + vehicle animals needed 
more time to perform this refl ex, when compared to sham-
operated animals (Fig. 2B). At P11 this difference was sig-
nifi cant (P < 0.001). HI + HUCB animals tended to perform 
this refl ex faster than HI-vehicle animals at P9, P11, and P14 
(Fig. 2B). At P11 this difference was signifi cant (P < 0.01).

Cliff aversion refl ex. The HI + vehicle group required the 
longest time to perform this test when compared with the 
other two groups, at all ages examined (Fig. 2A). At P11, 
this difference was signifi cant (P < 0.05). HI-HUCB animals 
showed a delay in performing this refl ex at P9. However, at 
P11, HI-HUCB animals performed similarly to the sham ani-
mals, with a signifi cant difference from the HI-vehicle group 
(Fig. 2A; P < 0.05).

Gait. The time taken to move off a circle of 13 cm in diam-
eter did not differ among the groups: all the animals spent 
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FIG. 1. Human umbilical cord blood mononuclear cells 
(HUCB) transplantation resulted in a better functional out-
come after neonatal hypoxic–ischemic (HI) brain injury. 
To evaluate the neurofunctional outcome, we tested the 
cliff aversion and negative geotaxis refl exes at 2, 4, and 7 
days after HI insult. At all ages examined, the HI + vehicle 
group (n = 25) showed a retarded performance in cliff aver-
sion (A) and negative geotaxis refl exes (B) when compared 
to sham-operated animals (n = 30), and this difference was 
signifi cant at P11 (*P < 0.05, ***P < 0.001). Performance in 
both refl exes was not retarded in the HI + HUCB (n = 31) 
group, being similar to the performance of the sham-oper-
ated animals. At P11 the difference between HI + HUCB 
and HI + vehicle animals was signifi cant in both refl exes 
(*P < 0.05, **P < 0.01).
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cells (a marker for degenerating neurons) in the cerebral cor-
tex and in the striatum 2 days after the HI insult when mas-
sive primary neuronal death occurred. In the HI + vehicle 
group, we found a large number of dying neurons in both 
areas, only in the hemisphere ipsilateral to the ischemia 
(Fig. 3A), with a staining pattern similar to what was previ-
ously shown by Leonardo et al. [11]. There was a signifi cant 
decrease in the number of dying neurons in the ipsilateral 
striatum of the HI + HUCB group (Fig. 3B,E; P < 0.05), but no 
signifi cant changes were found in the cortex of this group 
(data not shown). These observations indicate that HUCB 
are able to promote neuroprotection in a group of striatal 
neurons.

HUCB transplantation reduced activated 
caspase-3-mediated cell death in the striatum

Following neonatal HI in the rat, the predominant form 
of cell death is a continuum phenotype, with activation of 
apoptotic cascades, including caspase-3 activation, and mito-
chondrial structural and functional failure [14]. We counted 
the number of cells expressing activated caspase-3 in the 
striatum and in the cerebral cortex 2 days after the HI insult. 
In the ipsilateral hemisphere, we found numerous cells 
expressing activated caspase-3 in both areas, although these 
cells were rare in the contralateral hemisphere. Comparing 
HI + vehicle (Fig. 3C) and HI + HUCB animals (Fig. 3D), 
we found fewer cells expressing activated caspase-3 in the 
striatum of the HI+HUCB animals (Fig. 3F; P < 0.05). We also 
observed many axons expressing activated caspase-3 in the 
striatal white matter in both groups (Fig. 3C,D). In the cere-
bral cortex, we found no differences between the groups 
(data not shown). These observations indicate that HUCB 
treatment can protect a group of striatal cells from activated 
caspase-3-dependent cell death.

HUCB transplantation reduced microglial activation 
in the cerebral cortex

Although microglial cells have recently been shown to 
promote repair after a brain injury, an uncontrolled and 
extended infl ammatory reaction is detrimental to the cen-
tral nervous system (CNS) [15]. Because HUCB were shown 
to secrete some anti-infl ammatory cytokines in vitro [16], we 
wanted to know if HUCB cell transplantation would have 
an effect on the activation of microglial cells in the subacute 
response of HI injury, when the persistent activation of these 
cells may be responsible for a secondary neuronal damage.

We quantifi ed the number of cells expressing the CD68 
(ED1) antigen, expressed by activated microglia and mac-
rophages, in different brain areas 7 days after the insult. HI 
+ vehicle animals had an increased number of ED1+ cells in 
the cerebral cortex ipsilateral to the ischemia (Fig. 4C). These 
cells tended to accumulate in areas of astrogliosis, as shown 
by GFAP (an astrocytic marker) expression (Fig. 4B). In these 
animals, we were also able to see the formation of poren-
cephalic cysts in the cerebral cortex, which were surrounded 
by astrocytes and also by activated microglia, forming a wall 
around the cyst (Fig. 4E). The number of ED1+ cells in the 
ipsilateral cerebral cortex was signifi cantly reduced in the 
HI + HUCB animals (Fig. 4D) when compared to the HI + 
vehicle group (Fig. 4C) (Fig. F; P < 0.001). In the contralateral 

HUCB transplantation had a neuroprotective effect 
in the striatum

In vitro studies have demonstrated that HUCB cells 
secrete many neurotrophic factors, some of them involved 
in neuroprotection [13]. In order to assess whether HUBC 
transplantation was able to exert a neuroprotective effect 
in vivo, we quantifi ed the number of Fluoro-Jade C-positive 
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FIG. 2. HI brain damage and engraftment of HUCB. (A-B) 
Cresyl violet staining of coronal sections of neonatal rat 
brain showing the massive loss of neurons in the cerebral 
cortex ipsilateral to the ischemia 2 days (A) and 7 days (B) 
after the hypoxic–ischemic (HI) insult. In the ipsilateral 
hemisphere there was extensive cortical and striatal atrophy, 
as well as ex vacuum ventriculomegaly, 7 days after the HI 
insult (B). (C) Coronal sections of neonatal rat brain, 7 days 
after the HI insult, immunostained with GFAP (in green). 
At this age, porencephalic cysts are formed in the ipsilat-
eral cortex and the walls of these cysts are surrounded by 
GFAP-positive astrocytes. (D–F) Coronal section of neonatal 
rat brain tissue, showing the presence of a donor cell labeled 
with CellTrace (red) in the cerebral cortex ipsilateral to the 
ischemia 2 days after the HI insult. We also found donor cells 
recognized by the anti-human nuclei antibody (in green) in 
the ipsilateral cortex (E) and striatum (F) of HI-HUCB ani-
mals 2 days after the HI insult. The inset in E shows a higher 
magnifi cation (63×) of the double-labeled cell in the center 
of the fi eld. We failed to fi nd donor cells in the contralateral 
hemisphere. Blue indicates nuclear staining with DAPI (C, 
D) or TOPRO-3. Scale bar = 20 μm.
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These results indicate that HUCB cell transplantation 
may have an anti-infl ammatory effect due to the reduction 
in the number of activated microglial cells in the cerebral 
cortex ipsilateral to the ischemia, in the subacute phase after 
the HI brain damage.

Few HUCB migrated to areas of brain injury

In some animals, we labeled the cells with CellTrace in 
order to follow the cells after transplantation. Two days after 
the injection, we were able to see a few cells in the cerebral 

hemisphere, we failed to fi nd these cells in the cerebral cor-
tex of both groups (Fig. 4A).

We also quantifi ed the number of ED1+ cells in the sub-
ventricular zone, striatum and in the external capsule, areas 
where neural stem/progenitor, neuronal, and oligodendrog-
lial cell death, respectively, occur after an HI insult [17,18]. 
In these areas, we found an increase in the number of ED1+ 
cells in the ipsilateral hemisphere, compared to the con-
tralateral hemisphere, in both groups. However, in these 
regions, there was no signifi cant difference in the number of 
ED1+ cells between the treated and untreated groups (data 
not shown).
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FIG. 3. HUCB transplantation reduced cell death in the 
striatum. (A, B, and E) Coronal sections of neonatal rat brain 
tissue showing degenerating neurons stained with Fluoro-
Jade C in the striatum ipsilateral to the ischemia 2 days after 
the hypoxic–ischemic (HI) insult in the HI + vehicle (A) and 
in the HI + HUCB (B) groups. In the HI + HUBC group 
(E, triangles) there were fewer degenerating neurons in this 
area compared with HI + vehicle animals (E, squares) (n 
= 5 for HI + vehicle, n = 6 for HI + HUCB, *P < 0.05). (C, 
D, and F) Coronal sections of neonatal rat brain immunos-
tained for activated caspase-3 showing dying cells in the 
striatum ipsilateral to the ischemia 2 days after the hypoxic–
ischemic insult in the HI + vehicle (C) and the HI + HUCB 
(D) groups. In the HI-HUCB animals (F, triangles) we found 
fewer cells dying via the activated caspase-3 pathway in the 
striatum compared with the HI-vehicle animals (F, squares) 
(n = 6 for HI + vehicle, n = 7 for HI + HUCBs, *P < 0.05). 
We also observed many axons expressing activated cas-
pase-3 in the striatal white matter in both groups. Scale bar 
= 100 μm.
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FIG. 4. HUCB transplantation reduced microglial  activation 
in the cortex. Coronal sections of neonatal rat brain tissue 7 
days after the hypoxic–ischemic (HI) insult. We identifi ed a 
large number of activated microglia (expressing the antigen 
ED1+, in red) and reactive astrocytes (expressing GFAP, in 
green) in the cortex ipsilateral to the ischemia (B), but only 
a few ED1+ cells and astrocytes in the contralateral hemi-
sphere (A). We observed that the porencephalic cysts formed 
in the ipsilateral cortex have their walls formed by GFAP-
positive astrocytes (in green) and also by ED1+-activated 
microglial cells (E, in red). At this age, the number of ED1+-
activated microglia in the ipsilateral cerebral cortex was 
reduced in the HI + HUCB group (D) compared with the 
HI-vehicle group (C) with a signifi cant difference (F, n = 9 
for each group, *P < 0.001). Blue indicates nuclear staining 
with TOPRO-3. Scale bar = 50 μm.
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role of HUCB transplantation, quantifying the number of 
neurons undergoing cell death in the cerebral cortex and 
striatum using Fluoro-Jade C as a marker. In the group that 
received therapy, we showed a reduction in the number of 
dying neurons in the striatum, 2 days after the HI insult. 
Fluoro-Jade C selectively labels neurons [28], and in order to 
investigate cell death from neurons and glial cells we used 
immunostaining for activated caspase-3 to identify cells 
undergoing death via this pathway. With this technique we 
demonstrated a decrease in cell death, in the treated group, 
in the striatum. However, with both techniques we were 
unable to fi nd differences in the number of cells dying in 
the cortex. Together, these results suggest that only a sub-
set of striatal neurons, probably those less susceptible to 
HI injury, could be rescued by the HUCB transplantation. 
Or, it could also suggest that HUCB-mediated mechanisms 
involved in neuroprotection after a neonatal HI injury are 
more effi cient in the striatum. It was previously shown that 
GABAA and GABAB coactivation has neuroprotective effects 
against in vitro ischemia [29]. HUCB transplantation could, 
for example, promote neuroprotection by the release of a 
factor involved in the modulation of this activity in striatal 
neurons. In addition, we suggest that cell therapy results in 
a decrease in the number of striatal cells in which the cas-
pase-3 death pathway was activated after HI. Because the 
basal ganglia show increased susceptibility to HI injury in 
the full-term infant [30], HUCB transplantation may protect 
these neurons from caspase-3-dependent cell death.

Microglia are the brain-resident immune cells. When 
activated by endogenous signals, such as neuronal death, or 
by pathogen components, these cells play an important role 
in the removal of toxic substances and debris creating an 
environment that allows regeneration. However, the brain 
has a poor ability to tolerate this response, since it involves 
the secretion of neurotoxic factors such as nitric oxide and 
reactive free radicals [15].

We showed that HUCB transplantation reduced the num-
ber of activated microglia and macrophages in the cerebral 
cortex ipsilateral to the ischemia 7 days after the injury. This 
anti-infl ammatory effect may prevent the side effects associ-
ated with prolonged microglial activation and may be par-
tially responsible for the better functional outcome that we 
observed after administration of HUCB. The failure to observe 
the same effect in other brain regions in which the number 
of activated microglia also increases after HI injury (external 
capsule, striatum, and SVZ) may be related to regional hetero-
geneity in the signals that control microglia activation. Since 
there are many “on” and “off” signals modulating the activity 

cortex (Fig. 1D) and in the striatum (data not shown) ipsilat-
eral to the ischemia, but not in the contralateral hemisphere. 
Similar results were found when we used an anti-human 
nuclei antibody to identify the injected cells (Fig. 1E, F).

Discussion

Human umbilical cord blood is a source of hematopoietic, 
mesenchymal [19,20], and endothelial [21] stem cells and/or 
progenitors available for transplantation in the fi rst hours 
after birth, allowing a possible rapid intervention, as soon 
as the diagnosis of a HI encephalopathy is made. Presently, 
in addition to its use for the treatment of hematological dis-
eases, some preclinical studies have suggested a possible 
therapeutic effect of these cells in different models of CNS 
damage, including stroke, in adult animals [22]. In our study 
we investigated the possible therapeutic role of these cells in 
a model of neonatal HI brain injury.

In the newborn, there is a massive loss of neurons [23], 
as well as a huge infl ammatory response [24] in the fi rst 24 
h after the HI insult, and for this reason we systemically 
injected the cells 3 h after the HI injury, in order to evaluate 
the possible benefi cial effect of a rapid intervention. We have 
not injected the cells immediately after the injury because 
we think that cord blood cells, as a therapy, probably would 
be injected in the children a few hours after the HI insult, 
given the time needed to make the diagnosis and obtain the 
mononuclear cell fraction.

The maturation of neurological refl exes refl ects the post-
natal development of the CNS, and can be infl uenced by 
different factors. After a neonatal HI brain damage, some 
of these refl exes are affected in the fi rst weeks after the 
insult [25], with a correlation between the degree of cerebral 
atrophy and the time taken to perform the refl exes [26]. In 
our study, the neurofunctional outcome was measured by 
three neonatal refl exes, from 2 to 10 days after the injury. 
Four days after the injury, cliff aversion and negative geo-
taxis refl exes were retarded in HI animals injected with the 
vehicle, although the gait refl ex was not altered. At this time 
point, HI animals injected with HUCB performed better in 
these two refl exes similar to sham-operated animals. Cliff 
aversion and negative geotaxis were previously shown to 
closely correlate with long-term functional defi cits, mea-
sured by the water-maze test [27]. Thus, our results indicate 
that HUCB transplantation is associated with a better func-
tional outcome after an HI injury.

In order to analyze the mechanisms involved in this 
functional effect, we evaluated the possible neuroprotective 

Table 1. The Number of Animals Used for Each Experiment is 
Shown in the Columns

 SHAM HI-vehicle HI-HUCB Euthanized at

Neonatal refl exes 30 25 31 P21
Activated caspase 3 

(Fluoro-Jade C)a

0 6 (5 of 6) 7 (6 of 7) P9

ED1a 0 9 9 P14

aCresil violet staining and immunohistochemistry (anti-human nuclei) were 

done in tissue sections from these animals. We have not used sham-operated 

animals for the histological analysis, since the contralateral hemisphere was 

used as a control.

Abbreviation: HUCB, human umbilical cord blood mononuclear cells.
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both preclinical and clinical trials of HI encephalopathy is 
hypothermia [42], raising the question of whether it would 
be possible to save more neurons by combining hypothermia 
with HUCB cell therapy in the fi rst hours after birth.
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