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Abstract

Though hypothermia is the only clinically available treatment for neonatal hypoxic-ischemic
encephalopathy (HIE), it is not completely effective in severe cases. We hypothesized that
combined treatment with hypothermia and transplantation of human umbilical cord blood
(UCB)-derived mesenchymal stem cells (MSCs) would synergistically attenuate severe HIE
compared to stand-alone therapy. To induce hypoxia-ischemia (HI), male Sprague-Dawley
rats were subjected to 8% oxygen for 120 min after unilateral carotid artery ligation on post-
natal day (P) 7. After confirmation of severe HIE involving >50% of the ipsilateral hemi-
sphere volume as determined by diffusion-weighted brain magnetic resonance imaging
(MRI) within 2 h after HI, intraventricular MSC transplantation (1 x 105 cells) and/or hypo-
thermia with target temperature at 32°C for 24 h were administered 6 h after induction of HI.
Follow-up brain MRl at P12 and P42, sensorimotor function tests at P40—42, evaluation of
cytokines in the cerebrospinal fluid (CSF) at P42, and histologic analysis of peri-infarct tis-
sues at P42 were performed. Severe HI resulted in progressively increased brain infarction
over time as assessed by serial MRI, increased number of cells positive for terminal deoxy-
nucleotidyl transferase nick-end labeling, microgliosis and astrocytosis, increased CSF cy-
tokine levels, and impaired function in behavioral tests such as rotarod and cylinder tests.
All of the abnormalities observed in severe HIE showed greater improvement after com-
bined treatment with hypothermia and MSC transplantation than with either therapy alone.
Overall, these findings suggest that combined treatment with hypothermia and human
UCB-derived MSC transplantation might be a novel therapeutic modality to improve the
prognosis of severe HIE, an intractable disease that currently has no effective treatment.
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Introduction

Despite recent improvements in perinatal and neonatal intensive care medicine, birth asphyxia
and the ensuing hypoxic ischemic encephalopathy (HIE) remain a major cause of neonatal
mortality or permanent neurologic morbidity, including cerebral palsy, mental retardation,
learning disabilities, and epilepsy, in survivors[1, 2]. Currently, hypothermia is the only clini-
cally effective intervention that improves the prognosis of neonatal HIE[3-5]. However, even
with hypothermia treatment, approximately 50% of newborn infants with HIE die or suffer
from significant neurological disabilities. Outcomes are even worse for the severe type of neo-
natal HIE[6, 7]. Therefore, additional treatments other than hypothermia that maximize neu-
roprotection and improve the prognosis of severe neonatal HIE are urgently needed.

Recently, several studies reported the neuroprotective effects of exogenously administered
mesenchymal stem cells (MSCs) in a newborn animal model of HIE[8-10]. Among various
sources of MSCs, including bone marrow and adipose tissue, umbilical cord blood (UCB) is
most promising because of its availability, lack of ethical concerns, high proliferation capacity
[11, 12], and low immunogenicity[13]. We have shown that intraventricular transplantation of
human UCB-derived MSCs significantly attenuates even severe brain injury involving >50%
of the ipsilateral hemisphere induced by middle cerebral artery occlusion in rat pups[14]. Be-
cause of the similarity between the pathophysiology of neonatal HIE and that of stroke, the fa-
vorable experimental results of MSC transplantation observed in neonatal stroke might be
extrapolated for future translation to the treatment of neonatal patients with severe HIE.
Kaneko et al. reported that combined treatment with moderate hypothermia and MSCs signifi-
cantly improved cell survival and mitochondrial activity after in vitro oxygen glucose depriva-
tion[20]. Taken together, these findings suggest that combined treatment with hypothermia
and human UCB-derived MSC transplantation might induce superior neuroprotective effects
compared with either stand-alone therapy, especially for the treatment of severe neonatal HIE.
However, little is known about the outcomes of combined therapy with MSC transplantation
and hypothermia for severe HIE, and to date, no in vivo study has been performed to investi-
gate this therapy.

Therefore, in this study, we compared the therapeutic efficacy of combined hypothermia
and human UCB-derived MSC transplantation with that of either stand-alone hypothermia or
MSC transplantation for severe HIE in newborn rats. After confirming severe HIE brain injury
involving >50% of the ipsilateral hemisphere using diffusion-weighted (DW) brain magnetic
resonance imaging (MRI), rat pups were randomly allocated among experimental groups. The
therapeutic efficacy of each treatment was evaluated using serial brain MRI monitoring in vivo,
and primary endpoint is improvement of the volume ratio of intact ipsilateral hemisphere to
contralateral hemisphere. Secondary endpoint were attenuation of cell death (TUNEL), reac-
tive gliosis (GFAP), and inflammatory cytokines.

Materials and Methods

This study was approved by the Institutional Review Board of Samsung Medical Center and by
Medipost Co., Ltd., Seoul, Korea. All experimental protocols were approved by the Institutional
Animal Care and Use Committee of Samsung Biomedical Research Institute, and the study fol-
lowed institutional and National Institutes of Health guidelines for laboratory animal care.

Cell Preparation

Human UCB was obtained from healthy normal full-term newborns after obtaining written in-
formed parental consent, and MSCs were isolated and expanded according to a previously re-
ported procedure[11, 15]. Fifth-passage human UCB-derived MSCs from a single donor were

PLOS ONE | DOI:10.1371/journal.pone.0120893 March 27,2015 2/13



@’PLOS | ONE

Hypothermia and MSCs for Neonatal HIE

transplanted. MSCs were co-cultured with micron-sized paramagnetic iron-oxide (MPIO) par-
ticles (Bangs Laboratories, Fishers, IN, USA) in culture medium in order to induce endocytosis
before transplantation according to the manufacturer’s protocol, and localization of trans-
planted donor cells was confirmed as described in the Supporting Information.

Animal Model and ethics statement

All animal procedures were performed in an AAALAC-accredited specific pathogen-free facili-
ty. Fig. 1 shows details of the experimental schedule. Sprague-Dawley male rats (Orient Co.,
Seoul, Korea) at postnatal day (P) 7 were used and raised by dam rats in the standard cage, 50
liter Plexiglas chamber except the hypothermia period. Dam rats could assess to water and lab-
oratory chow freely, and were maintained in an alternating 12-hour light/dark cycle with con-
stant room humidity and temperature. We assessed and monitored the condition of rat pups
on a weekly basis regularly and four times per day in a daily basis especially for the seven days
after modeling. Humane endpoint is described in the Supporting Information. Cerebral hypox-
ia-ischemia (HI) was induced by unilateral carotid artery ligation and exposure to 8% oxygen
for 120 min. After confirmation of severe brain injury involving more than 50% of the ipsilater-
al hemisphere volume as determined by DWI brain MRI performed within 2 h after HI, rat
pups were randomly allocated among four experimental groups as follows: HI with normother-
mia control group (HNC, n = 11); HI with hypothermia control group (HHC, n = 10); HI with
normothermia MSC transplantation group (HNM, n = 12); and HI with hypothermia MSC
transplantation group (HHM, n = 10). A normoxia normothermia control group underwent a
sham operation (NNC, n = 5). MSCs (1 x 10 cells in 10 1 saline) were injected into the ipsilat-
eral ventricel to injury, and/or hypothermia with a target temperature of 32°C for 24 h [16] was
initiated 6 h after HI. The dose of the MSCs was referred to our previous study of MSCs trans-
plantation in the newborn rat model of perinatal brain injury [14].

Follow-up brain MRI was performed at P12 and P42, and behavioral function tests were
performed at P40-42. At P42, cerebrospinal fluid (CSF) was obtained by cisternal tap for en-
zyme-linked immunosorbent assay (ELISA) of cytokines, the rats were sacrificed under the
deep pentobarbital (Entobar, Hanlim Pharmaceutical C7-80., Seoul, Korea) anesthesia (60 mg/
kg, intraperitoneal), and brain tissue was obtained for histologic analyses. Details of the induc-
tion of HI, MRI, hypothermia, MSC transplantation, behavioral functional tests, brain histo-
logic analysis, and ELISA protocols are provided in the Supporting Information.

Statistical Analysis

Data are expressed as mean + standard error of the mean (SEM). Survival rates were compared
by Kaplan-Meier analysis followed by a log-rank test. For continuous variables, statistical com-
parison between groups was performed by one-way analysis of variance (ANOVA) and
Tukey’s post hoc analysis. For time-course variables, repeated-measures ANOVA with Tukey's
post hoc comparison was used. A P value < 0.05 was considered significant. All data were ana-
lyzed using SPSS version 17.0 (IBM, Chicago, IL, USA).

Result
Survival Rates and Body Weights

Survival rates were not significantly different among HIE groups: NNC, 5/5 (100%); HNC, 8/
11 (73%); HHC, 7/10 (70%); HNM, 9/12 (75%); and HHM 8/10 (80%). The final cause of
death was mainly originated from the inappropriate sucking ability and poor oral feeding relat-
ed with the severe brain infarction, and no rat pups met the humane endpoints before the end
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Fig 1. Experimental protocol.

doi:10.1371/journal.pone.0120893.g001

of the present study. Growth retardation observed in the HNC compared to the NNC group
was significantly attenuated in both the HNM and HHM groups but not in the HHC group
(S2 Fig).

Serial Brain MRI and Injury Assessment

Representative serial in vivo brain MRI findings performed at P7, P12, and P42 (2 hours, 5
days, and 35 days after HI, respectively) for animals in each experimental group are shown in
Fig. 2A. Although the initial ipsilateral intact brain volume measured at P7 was not significant-
ly different among the study groups, the intact brain volume in the HNC group progressively
decreased over time on follow-up brain MRI at P12 and P42 (Fig. 2B). The reduction in intact
brain volume observed in HNC rats was significantly attenuated in the HNM and HHM groups
but not in HHC (P42; 0.21+0.12, 0.41+0.14, 0.44+0.30, and 0.55+0.27 in HNC, HHC, HNM,
and HHM respectively; HNC vs. HNM, P<0.05; HNC vs. HHM; P<0.01), with better attenua-
tion in the HHM group than in the HNM group (changes in ipsilateral intact brain volume
from P7 to P12 and from P12 to P42; HNC vs HNM, P>0.05; HNC vs HHM, P<0.05).

Confirmation of Donor Cells

T2*-weighted imaging at P42 revealed areas of low signal intensity, indicating the presence of
transplanted MPIO-tagged MSCs in the peri-infarct area in both the HNM and HHM groups
but not in the HNC or HHC group (S3 Fig). Signal along the ischemic boundary area at P42
(35 days after inducing severe HIE) suggests that MSCs migrated to the injured area from the
right ventricle. Double merged cells with both of MPIO green fluoroscence and NeuN or
GFAP in the brain coronal sections were not observed and no abnormal pathologic feature like
mass lesion or tumor-like agllomerates was found in the brain histology sections.

Cell Death and Reactive Gliosis

The marked increase in TUNEL-positive cells observed in the HNC group compared to the
NNC group was significantly improved in the HHC, HNM, and HHM groups, with better at-
tenuation in the HHM group than in the HHC or HNM groups (Fig. 3A&B).

The increase in GFAP level, indicative of reactive gliosis, observed in the HNC group com-
pared to the NNC group was improved in both the HNM and HHM groups but not in the
HHC group (Fig. 3C&D).
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Fig 2. Combined hypothermia and mesenchymal stem cell transplantation attenuated the progression of ischemic brain lesions after severe HIE.
(A) Representative serial brain MRI images from treatment groups at P7, P12, and P42 (0, 5, and 35 days after inducing HIE, respectively). (B) Volume ratio
of the ipsilateral intact area to the contralateral contralateral hemisphere area measured by MRI. Data are mean + SEM. HNC, HIE+normothermia control
group (n = 8); HHC, HIE+hypothermia group (n = 7); HNM, HIE+normothermia+MSCs group (n = 9); HHM, HIE+hypothermia+MSCs group (n = 8).

#P < 0.05vs. HNC.

doi:10.1371/journal.pone.0120893.g002

Inflammation

Increased optical density of ED-1-positive cells which indicated activated microglia in the peri-
infarct area observed in the HNC group compared to the NNC group was significantly im-
proved in the HHM group but not in the HHC or HNM group (Fig. 4).

Similarly, the significant increases in concentrations of cytokines such as IL-1a, IL-1p, IL-6,
and TNF-o in the CSF of animals in the HNC group compared to the NNC group at P42 were
significantly improved in the HHM group but not in the HHC or HNM group (Fig. 5).

Functional Behavior Tests

To assess sensorimotor functions, a rotarod test was performed at P40 and P41, and a cylinder
test was performed at P42[14, 17]. In the rotarod test at P40, a shorter latency to fall was ob-
served in the HNC group compared to the NNC group and was slightly, yet significantly, im-
proved in the HHM group but not in the HHC or HNM group (Fig. 6A). In a follow-up
rotarod test at P41, the latency to fall was significantly improved in both NNC and HHM
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Fig 3. Combined hypothermia and mesenchymal stem cell transplantation ameliorated the increase in cell death and reactive gliosis in the brain
after severe HIE. The images show representative immunofluorescence micrographs of the penumbra area with staining for TUNEL (A), glial fibrillary acidic
protein (GFAP) (C), and DAPI (original magnification; x400, scale bars; 25 um). Data are average number of TUNEL-positive cells (B) and average density of
GFAP staining (D) in the penumbra area, presented as mean + SEM. NNC, sham control group (n = 5); HNC, HIE+normothermia control group (n = 8); HHC,

HIE+hypothermia group (n = 7); HNM, HIE+normothermia+MSCs group (n = 9); HHM, HIE+hypothermia+MSCs group (n=8). * P < 0.05 vs. NNC,
#P <0.05vs. HNC, ® P < 0.05vs. HHC, W P < 0.05 vs. HNM.

doi:10.1371/journal.pone.0120893.g003

groups but not in the HNC, HHC, or HNM group. In the cylinder test at P42, the lower fre-
quency of left paw use observed in the HNC group compared to the NNC group was improved
only in the HNM group but not in the HHC or HNM groups (Fig. 6B).

Discussion

Development of an appropriate animal model that simulates clinical neonatal HIE is essential
in order to elucidate the pathogenesis of HIE and determine the effectiveness of therapeutic in-
terventions[18]. In the present study, the Vannucci model of HIE in the 7-day-old rat was used
to induce cerebral HI[19] because it is a well-known standardized model for evaluating the
therapeutic efficacy of neuroprotective strategies such as hypothermia[16] or MSC transplanta-
tion[20] for neonatal HIE. Because of wide variability in brain injury in the model[21], the ani-
mals were randomly allocated into study groups only after confirming severe HIE involving
>50% of the ipsilateral hemisphere as determined by DW brain MRI within 2 h after induction
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Fig 4. Combined hypothermia and mesenchymal stem cell transplantation reduced brain
inflammation as represented by active macrophages after severe HIE. (A) Representative
immunofluorescence micrographs of the penumbra area with staining for ED-1 (red) and DAPI (blue) (original
magnification; x400, scale bars; 25 um). Average optical density of ED-1 staining (B) in the penumbra area.
Data are mean + SEM. NNC, sham control group (n = 5); HNC, HIE+normothermia control group (n = 8);
HHC, HIE+hypothermia group (n = 7); HNM, HIE+normothermia+MSCs group (n = 9); HHM, HIE
+hypothermia+MSCs group (n = 8). *P < 0.05 vs. NNC, # P < 0.05 vs. HNC.

doi:10.1371/journal.pone.0120893.9004

of HI. As presented before by Ashwal, et al.[22], we sometimes observed contralateral hemi-
spheric involvement only in the DWT brain images taken 2h after HIE modeling, but not in the
follow-up T2-weighted brain MRI performed at P12 and P42. We thus included only the severe
HIE rats defined as brain injury involving more than 50% of the ipsilateral hemisphere regard-
less of the contralateral hemispheric involvement in the present study

In the present study, therapeutic hypothermia with a target temperature of 32°C for 24 h
started 6 h after induction of HI (HHC) significantly attenuated the number of TUNEL-posi-
tive cells compared with the HNC rats but failed to significantly improve the severe brain inju-
ry as assessed by progressively increased brain infarct volume, astroglial reaction, and
abnormal behavior tests. Hypothermia was started 6 h after induction of HI because this time
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Fig 5. Concentrations of inflammatory cytokines IL-1a, IL-B, IL-6, and TNF- a in cerebrospinal fluid at P42. Data are mean + SEM. NNC, sham control
group (n = 5); HNC, HIE+normothermia control group (n = 8); HHC, HIE+hypothermia group (n = 7); HNM, HIE+normothermia+MSCs group (n = 9); HHM,
HIE+hypothermia+MSCs group (n = 8). *P < 0.05 vs. NNC, # P < 0.05 vs. HNC.

doi:10.1371/journal.pone.0120893.9005
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Fig 6. Combined hypothermia and mesenchymal stem cells transplantation improved impaired sensorimotor function after severe HIE.
Sensorimotor functional outcomes on rotarod (A) and cylinder (B) tests. Data are mean + SEM. NNC, sham control group (n = 5); HNC, HIE+normothermia
control group (n = 8); HHC, HIE+hypothermia group (n = 7); HNM, HIE+normothermia+MSCs group (n = 9); HHM, HIE+hypothermia+MSCs group (n = 8).
*P<0.05vs.NNC, #P < 0.05vs. HNC, ® < 0.05 vs. HHC, ¥ P < 0.05 vs. HNM.

doi:10.1371/journal.pone.0120893.9006

period falls within the therapeutic time window[23], and a delay of up to 6 h in detecting the
signs of HIE and/or applying hypothermia is common and tolerable in clinical practice. The
CoolCap Trial found that the therapeutic efficacy of hypothermia was dependent on the severi-
ty of HIE, with protection achieved only in cooled newborns with moderate brain injury[24].
Sabir et al. reported no neuroprotective effect of hypothermia, even when it was started imme-
diately after severe neonatal HIE in newborn rats[25]. Overall, these findings suggest that the
severity of neonatal HIE rather than the timing or duration of hypothermia is the critical deter-
minant of the therapeutic efficacy of hypothermia, and thus additional treatments other than
therapeutic hypothermia are urgently needed to maximize neuroprotection and improve the
outcome of intractable severe neonatal HIE. Our animal model of sever HIE with no significant
improvement with hypothermia treatment seems to simulate the clinical condition showing no
significant neuroprotection of severe neonatal HIE patients with hypothermia treatment.

The major findings of this study are described below. Although MSC transplantation alone
(HNM) significantly attenuated the progressive increase in brain infarct volume measured by
serial brain MRI and the increased number of TUNEL-positive cells in the penumbra observed
in the HNC group, combination treatment with hypothermia augmented the neuroprotective
effects of MSC transplantation. Moreover, the optical density of ED-1 positive cells, the level of
inflammatory cytokines, and the results of behavioral tests such as rotarod test and cylinder
test were significantly improved only with combined treatment of hypothermia and MSC
transplantation (HHM). To our knowledge, this is the first in vivo study confirming the syner-
gistic therapeutic effects of combined treatment with hypothermia and human UCB-derived
MSC transplantation.

We previously showed that apoptosis is critical for the development of brain infarction, and
that inhibition of apoptosis significantly reduces late development of brain infarctions in a
newborn rat model of cerebral HI[26]. In the present study, an increased number of TUNEL-
positive cells was observed in rats with severe HIE and was significantly attenuated by hypo-
thermia, MSC transplantation, and combined hypothermia plus MSC transplantation, with the
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greatest attenuation in the combined treatment group. These findings support the hypothesis
that either hypothermia[3] or MSC transplantation[17] alone has anti-apoptotic effects, but
combination therapy has greater anti-apoptotic and anti-infarction effects that might be pri-
marily responsible for a better therapeutic outcome.

Although an elevated GFAP level indicative of increased astrocytic gliosis is a specific bio-
marker for neonatal HIE severity, such a level is detected only after brain injury has occurred
[27]. In this study, increased GFAP level was observed in only the HHC group and not in
HNM and HHM rats. Our data support the hypothesis that combined treatment with hypo-
thermia and human UCB-derived MSC transplantation is superior to hypothermia alone in
protecting against severe neonatal HIE.

After neonatal HIE, hypoxic ischemic insult might initiate an inflammatory response with-
out concurrent infection, leading to brain injury[28]. In the present study, an increase in brain
microglia positive for ED-1 and increased levels of inflammatory cytokines in the CSF were ob-
served in HNC rats. This augmented inflammatory response was significantly improved in
HHM rats but not in HHC or HNM rats. These findings supported the notion that, although
both hypothermia and MSC transplantation have similar anti-inflammatory effects[3, 29],
stand-alone treatment of either is insufficient to block inflammation, whereas combination
treatment induced superior anti-inflammatory effects against severe neonatal HIE.

In addition to improving infarct volume and histology, improving functional outcome is
important for clinical translation of combined hypothermia and human UCB-derived MSC
transplantation therapy for severe neonatal HIE. In this study, abnormal behavioral results on
functional tests, such as a short latency to fall in a rotarod test and a lower frequency of using
the left paw in a cylinder test, were observed in HNC rats. Sensorimotor function was signifi-
cantly improved in HHM rats but not in HHC or HNM rats. These findings confirm that com-
bining hypothermia with human UCB-derived MSC transplantation was therapeutically
efficacious and led to better clinical outcomes than either stand-alone therapy. Moreover, the
results of behavioral function tests at P40-42 implied that neuroprotection against severe neo-
natal HIE might persist into adolescence[30]. Despite halving of the infarct volume, single
treatment with MSCs transplantation or hypothermia could not induce any improvement in
behavior function. This finding may implicate that other factors, besides intact brain volume,
such as improved myelination is involved for sensorimotor function improvement.

Human UCB-derived MSC transplantation alone significantly attenuated severe neonatal
brain injury in this and earlier studies[14, 17]. Combining transplantation with hypothermia
potentiated the therapeutic efficacy of MSC transplantation. In addition to additive anti-apo-
ptotic and anti-inflammatory effects, the superior neuroprotective effects and better outcomes
with combined treatment compared to stand-alone therapy might also be attributable to the
converging delta opioid pathway and upregulation of growth factors[31]. Further studies are
needed to test this hypothesis.

Although we observed superior neuroprotective effects with combined hypothermia and
MSC transplantation in this study, further extensive studies are necessary, including the deter-
mination of optimal dosage, route, timing, and safety under hypothermic conditions, for suc-
cessful clinical translation of these favorable experimental results into neonatal
clinical practice.

In summary, combined treatment with hypothermia and human UCB-derived MSC trans-
plantation attenuated the development of cerebral infarctions and improved behavioral func-
tion tests after severe neonatal HIE compared to either stand-alone therapy. The
neuroprotective effects exerted by the combined treatment might be primarily mediated by ad-
ditive anti-apoptotic and anti-inflammatory effects. Our data suggest that combined treatment
with hypothermia and MSC transplantation might be a novel therapeutic modality for severe
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brain injury from neonatal HIE, for which effective treatments have not yet been established.
Further clinical studies are warranted.

Supporting Information

S1 Fig. Rectal temperature in experimental groups. Temperatures in each group remained
stable during the intervention and were significantly different between normothermia and hy-
pothermia groups at each measurement. Data are mean + SEM. HNC, HIE+normothermia
control group; HHC, HIE+hypothermia group; HNM, HIE+normothermia+MSCs group;
HHM, HIE+hypothermia+MSCs group. * P < 0.05 vs. normothermia groups (NNC, HNC,
HNM).

(TIF)

S2 Fig. Weekly body weight in experimental groups. Data are mean + SEM. HNC, HIE+-
normothermia control group; HHC, HIE+hypothermia group; HNM, HIE+normothermia
+MSCs group; HHM, HIE+hypothermia+MSCs group. * P < 0.05 vs. NNC, # P < 0.05 vs.
HNC, ® < 0.05 vs. HHC.

(TTF)

S3 Fig. Localization of grafted human UCB-derived MSCs tagged with green fluorescent
micron-sized paramagnetic iron-oxide (MPIO) particles along the brain penumbra area.
Donor cells were confirmed by T2* MRI as low signal-intensity indicating MPIO and green

fluorescence positivity in the penumbra area.

(TTF)
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(DOCX)

Acknowledgments

We are grateful to So Yoon Choo, Ye Rim Park and Yoo Jin Chang for technical assistance and
animal modeling.

Author Contributions

Conceived and designed the experiments: WSP SYA SJC YSC. Performed the experiments:
SYA DKS GHI. Analyzed the data: SYA SIS HSY DKS GHI YSC. Contributed reagents/materi-
als/analysis tools: SJC. Wrote the paper: WSP SIS SYA HSY DKS GHI SJC YSC.

References

1. Johnston MV. Hypoxic and ischemic disorders of infants and children. Lecture for 38th meeting of Japa-
nese Society of Child Neurology, Tokyo, Japan, July 1996. Brain Dev. 1997; 19: 235-239. PMID:
9187471

2. Robertson C, Finer N. Term infants with hypoxic-ischemic encephalopathy: outcome at 3.5 years. Dev
Med Child Neurol. 1985; 27: 473-484. PMID: 4029517

3. Yenari M, Kitagawa K, Lyden P, Perez-Pinzon M. Metabolic downregulation: a key to successful neuro-
protection? Stroke. 2008; 39: 2910-2917. doi: 10.1161/STROKEAHA.108.514471 PMID: 18658035

4. Jacobs S, Hunt R, Tarnow-Mordi W, Inder T, Davis P. Cooling for newborns with hypoxic ischaemic en-
cephalopathy. Cochrane Database Syst Rev. 2007: CD003311.

5. Shankaran S, Laptook A, Wright LL, Ehrenkranz RA, Donovan EF, Fanaroff AA, et al. Whole-Body Hy-
pothermia for Neonatal Encephalopathy: Animal Observations as a Basis for a Randomized, Controlled
Pilot Study in Term Infants. Pediatrics. 2002; 110: 377-385. PMID: 12165594

PLOS ONE | DOI:10.1371/journal.pone.0120893 March 27,2015 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120893.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120893.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120893.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120893.s004
http://www.ncbi.nlm.nih.gov/pubmed/9187471
http://www.ncbi.nlm.nih.gov/pubmed/4029517
http://dx.doi.org/10.1161/STROKEAHA.108.514471
http://www.ncbi.nlm.nih.gov/pubmed/18658035
http://www.ncbi.nlm.nih.gov/pubmed/12165594

@’PLOS | ONE

Hypothermia and MSCs for Neonatal HIE

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Azzopardi DV, Strohm B, Edwards AD, Dyet L, Halliday HL, Juszczak E, et al. Moderate hypothermia
to treat perinatal asphyxial encephalopathy. N Engl J Med. 2009; 361: 1349—1358. doi: 10.1056/
NEJMoa0900854 PMID: 19797281

Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA, Donovan EF, et al. Whole-body
hypothermia for neonates with hypoxic-ischemic encephalopathy. N Engl J Med. 2005; 353: 1574—
1584. PMID: 16221780

Donega V, van Velthoven CT, Nijboer CH, van Bel F, Kas MJ, Kavelaars A, et al. Intranasal mesenchy-
mal stem cell treatment for neonatal brain damage: long-term cognitive and sensorimotor improvement.
PLoS One. 2013; 8: €51253. doi: 10.1371/journal.pone.0051253 PMID: 23300948

van Velthoven CT, Kavelaars A, van Bel F, Heijnen CJ. Repeated mesenchymal stem cell treatment
after neonatal hypoxia-ischemia has distinct effects on formation and maturation of new neurons and ol-
igodendrocytes leading to restoration of damage, corticospinal motor tract activity, and sensorimotor
function. J Neurosci. 2010; 30: 9603-9611. doi: 10.1523/JNEUROSCI.1835-10.2010 PMID: 20631189

van Velthoven CT, Kavelaars A, van Bel F, Heijnen CJ. Mesenchymal stem cell treatment after neona-
tal hypoxic-ischemic brain injury improves behavioral outcome and induces neuronal and oligodendro-
cyte regeneration. Brain Behav Immun. 2010; 24: 387—-393. doi: 10.1016/j.bbi.2009.10.017 PMID:
19883750

Yang SE, Ha CW, Jung M, Jin HJ, Lee M, Song H, et al. Mesenchymal stem/progenitor cells developed
in cultures from UC blood. Cytotherapy. 2004; 6: 476—486. PMID: 15512914

Kern S, Eichler H, Stoeve J, Kluter H, Bieback K. Comparative analysis of mesenchymal stem cells
from bone marrow, umbilical cord blood, or adipose tissue. Stem Cells. 2006; 24: 1294-1301. PMID:
16410387

Rocha V, Wagner JE Jr, Sobocinski KA, Klein JP, Zhang MJ, Horowitz MM, et al. Graft-versus-host dis-
ease in children who have received a cord-blood or bone marrow transplant from an HLA-identical sib-
ling. Eurocord and International Bone Marrow Transplant Registry Working Committee on Alternative
Donor and Stem Cell Sources. N Engl J Med. 2000; 342: 1846—1854. PMID: 10861319

Kim ES, Ahn SY, Im GH, Sung DK, Park YR, Choi SH, et al. Human umbilical cord blood-derived mes-
enchymal stem cell transplantation attenuates severe brain injury by permanent middle cerebral artery
occlusion in newborn rats. Pediatr Res. 2012; 72: 277-284. doi: 10.1038/pr.2012.71 PMID: 22669296

Jang YK, Jung DH, Jung MH, Kim DH, Yoo KH, Sung KW, et al. Mesenchymal stem cells feeder layer
from human umbilical cord blood for ex vivo expanded growth and proliferation of hematopoietic pro-
genitor cells. Ann Hematol. 2006; 85: 212—225. PMID: 16391912

Lee BS, Woo CW, Kim ST, Kim KS. Long-term neuroprotective effect of postischemic hypothermia in a
neonatal rat model of severe hypoxic ischemic encephalopathy: a comparative study on the duration
and depth of hypothermia. Pediatr Res. 2010; 68: 303-308. doi: 10.1203/00006450-201011001-00592
PMID: 20606598

Ahn SY, Chang YS, Sung DK, Sung SI, Yoo HS, Lee JH, et al. Mesenchymal stem cells prevent hydro-
cephalus after severe intraventricular hemorrhage. Stroke. 2013; 44: 497-504. doi: 10.1161/
STROKEAHA.112.679092 PMID: 23287782

Yager JY, Ashwal S. Animal models of perinatal hypoxic-ischemic brain damage. Pediatr Neurol. 2009;
40: 156-167. doi: 10.1016/j.pediatrneurol.2008.10.025 PMID: 19218028

Vannucci RC, Vannucci SJ. Perinatal hypoxic-ischemic brain damage: evolution of an animal model.
Dev Neurosci. 2005; 27: 81-86. PMID: 16046840

Daadi MM, Davis AS, Arac A, Li Z, Maag AL, Bhatnagar R, et al. Human neural stem cell grafts modify
microglial response and enhance axonal sprouting in neonatal hypoxic-ischemic brain injury. Stroke.
2010; 41: 516-523. doi: 10.1161/STROKEAHA.109.573691 PMID: 20075340

Towfighi J, Mauger D, Vannucci RC, Vannucci SJ. Influence of age on the cerebral lesions in an imma-
ture rat model of cerebral hypoxia-ischemia: a light microscopic study. Brain Res Dev Brain Res. 1997,
100: 149-160. PMID: 9205806

Ashwal S, Tone B, Tian HR, Chong S, Obenaus A. Comparison of two neonatal ischemic injury models
using magnetic resonance imaging. Pediatr Res. 2007; 61: 9-14. PMID: 17211133

Gunn AJ. Cerebral hypothermia for prevention of brain injury following perinatal asphyxia. Curr Opin
Pediatr. 2000; 12: 111-115. PMID: 10763759

Wyatt JS, Gluckman PD, Liu PY, Azzopardi D, Ballard R, Edwards AD, et al. Determinants of outcomes
after head cooling for neonatal encephalopathy. Pediatrics. 2007; 119: 912-921. PMID: 17473091

Sabir H, Scull-Brown E, Liu X, Thoresen M. Immediate hypothermia is not neuroprotective after severe
hypoxia-ischemia and is deleterious when delayed by 12 hours in neonatal rats. Stroke. 2012; 43:
3364-3370. doi: 10.1161/STROKEAHA.112.674481 PMID: 22996953

PLOS ONE | DOI:10.1371/journal.pone.0120893 March 27,2015 12/13


http://dx.doi.org/10.1056/NEJMoa0900854
http://dx.doi.org/10.1056/NEJMoa0900854
http://www.ncbi.nlm.nih.gov/pubmed/19797281
http://www.ncbi.nlm.nih.gov/pubmed/16221780
http://dx.doi.org/10.1371/journal.pone.0051253
http://www.ncbi.nlm.nih.gov/pubmed/23300948
http://dx.doi.org/10.1523/JNEUROSCI.1835-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20631189
http://dx.doi.org/10.1016/j.bbi.2009.10.017
http://www.ncbi.nlm.nih.gov/pubmed/19883750
http://www.ncbi.nlm.nih.gov/pubmed/15512914
http://www.ncbi.nlm.nih.gov/pubmed/16410387
http://www.ncbi.nlm.nih.gov/pubmed/10861319
http://dx.doi.org/10.1038/pr.2012.71
http://www.ncbi.nlm.nih.gov/pubmed/22669296
http://www.ncbi.nlm.nih.gov/pubmed/16391912
http://dx.doi.org/10.1203/00006450-201011001-00592
http://www.ncbi.nlm.nih.gov/pubmed/20606598
http://dx.doi.org/10.1161/STROKEAHA.112.679092
http://dx.doi.org/10.1161/STROKEAHA.112.679092
http://www.ncbi.nlm.nih.gov/pubmed/23287782
http://dx.doi.org/10.1016/j.pediatrneurol.2008.10.025
http://www.ncbi.nlm.nih.gov/pubmed/19218028
http://www.ncbi.nlm.nih.gov/pubmed/16046840
http://dx.doi.org/10.1161/STROKEAHA.109.573691
http://www.ncbi.nlm.nih.gov/pubmed/20075340
http://www.ncbi.nlm.nih.gov/pubmed/9205806
http://www.ncbi.nlm.nih.gov/pubmed/17211133
http://www.ncbi.nlm.nih.gov/pubmed/10763759
http://www.ncbi.nlm.nih.gov/pubmed/17473091
http://dx.doi.org/10.1161/STROKEAHA.112.674481
http://www.ncbi.nlm.nih.gov/pubmed/22996953

@’PLOS | ONE

Hypothermia and MSCs for Neonatal HIE

26.

27.

28.

29.

30.

31.

Park WS, Sung DK, Kang S, Koo SH, Kim YJ, Lee JH, et al. Neuroprotective effect of cycloheximide on
hypoxic-ischemic brain injury in neonatal rats. J Korean Med Sci. 2006; 21: 337-341. PMID: 16614525

Ennen CS, Huisman TA, Savage WJ, Northington FJ, Jennings JM, Everett AD, et al. Glial fibrillary
acidic protein as a biomarker for neonatal hypoxic-ischemic encephalopathy treated with whole-body
cooling. Am J Obstet Gynecol. 2011; 205: 251 e251-257. doi: 10.1016/j.ajog.2011.06.025 PMID:
21784396

Aly H, Khashaba MT, El-Ayouty M, EI-Sayed O, Hasanein BM. IL-1beta, IL-6 and TNF-alpha and out-
comes of neonatal hypoxic ischemic encephalopathy. Brain Dev. 2006; 28: 178—-182. PMID: 16181755

van Velthoven CT, Kavelaars A, Heijnen CJ. Mesenchymal stem cells as a treatment for neonatal is-
chemic brain damage. Pediatr Res. 2012; 71: 474-481. doi: 10.1038/pr.2011.64 PMID: 22430383

Spear LP. The adolescent brain and the college drinker: biological basis of propensity to use and mis-
use alcohol. J Stud Alcohol Suppl. 2002: 71-81.

Kaneko Y, Tajiri N, Su T-P, Wang Y, Borlongan CV. Combination treatment of hypothermia and mesen-
chymal stromal cells amplifies neuroprotection in primary rat neurons exposed to hypoxic-ischemic-like
injury in vitro: role of the opioid system. PloS one. 2012; 7.

PLOS ONE | DOI:10.1371/journal.pone.0120893 March 27,2015 13/13


http://www.ncbi.nlm.nih.gov/pubmed/16614525
http://dx.doi.org/10.1016/j.ajog.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21784396
http://www.ncbi.nlm.nih.gov/pubmed/16181755
http://dx.doi.org/10.1038/pr.2011.64
http://www.ncbi.nlm.nih.gov/pubmed/22430383


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


