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Objective : The aim of this study was to establish a novel rat model of neonatal complications
secondary to intra-amniotic infection/inflammation in order to investigate the therapeutic efficacy of
rat umbilical cord-derived mesenchymal stem cells (rUCMSCs).
Methods : On gestational age day (GAD) 16, approximately 0.2 μg of lipopolysaccharide (LPS) was
directly injected into the amniotic cavity of a pregnant rat. Placental inflammation on GAD 20 was
histologically evaluated and the cytokine (Il-1β, Tnfα, Mcp-1, Il-6, Cxcl-1 ) and prostaglandin synthesis
enzyme (Cox-1, Cox-2 ) expression patterns were analyzed by quantitative real-time polymerase chain
reaction. Neonatal lung and brain injuries on postnatal day (PND) 14 were assessed histologically.
rUCMSCs were injected intravenously into pups to investigate their therapeutic efficacy.
Results : LPS significantly decreased alive-birth rates. Significant increases in inflammatory cell
infiltration and up-regulation of Mcp-1 and Cox-2 expression were observed in the placenta. In the
neonates, the areas staining positive for myelin basic protein in the brain and radial alveolar counts
in the lungs were significantly reduced in the LPS group compared with the control group. rUCMSCs
improved myelination and alveolarization.
Conclusion : Intrauterine injection of LPS causes placental inflammation along with neonatal brain
and lung injuries in neonatal rats. Postnatal administration of rUCMSCs alleviates these neonatal
complications.
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Introduction

Advances in modern neonatal intensive care have resulted

in decreased perinatal mortality, although high morbidity
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exposure to chronic intra-amniotic infection/inflammation
exist.

Clinically, brain injury commences and then progresses

rates due to periventricular leukomalacia (PVL) and

as a consequence of intrauterine infection during the fetal

PVL, which is also referred to as immature cerebral white

period. Additionally, Rees and Inder reported that fetal

bronchopulmonary dysplasia (BPD) are still observed

1, 2)

.

matter injury, leads to localized necrosis or a decrease
in myelination

3, 4)

. It causes cerebral palsy and cognitive/

behavioral deficits in neonates 5). Although ischemia/

reperfusion injury is considered to be either the only or at
lease most common cause of PVL, intra-amniotic infection/
inflammation (diagnosed pathologically as chorioamnionitis)
also plays an additional role in its etiology

. Intra-amniotic

6, 7)

infection/inflammation has been reported to be involved
in BPD8, 9). BPD interferes with normal lung development

period, with ongoing manifestations during the postnatal

brain injury is more severe in the presence of maternal

inflammation and infection17). Hence, to investigate the etiology
and to develop a novel therapy as well as prophylaxis for
these complications, we established an animal model in

which the fetuses are exposed to extended inflammation
and investigated the therapeutic efficacy of mesenchymal
stem cells (MSCs), which have been reported to be effective
in hypoxic-ischemic neonatal rodent models14, 18).

MSCs are multi-potent cells with a self-renewal capacity

processes, such as alveolarization and septation .

as well as osteogenic, adipogenic, and chondrogenic

not clearly understood, transgenic mice overexpressing

apoptotic, angiogenic and immunomodulatory potentials

10)

Although the normal signals required for alveolarization are
cytokines in the lung such as tumor necrosis factor (TNF)

α11), transforming growth factor (TGF) α12) and interleukin
(IL)-6

13)

exhibit problems with alveolarization. However,

the etiology of neonatal complications is an intricate
process, involving immaturity, fetal distress and postnatal
intervention, and exposure of the fetus to intra-amniotic
infection/inflammation is an important factor that may

differentiation in vitro 19). Their anti-inflammatory, anti-

have been reported20). These cells can be isolated from
almost any adult tissues, including the bone marrow,

adipose tissue and teeth. Since the umbilical cord is
generally considered “medical waste”, MSCs can be
abundantly and non-invasively isolated from the umbilical
cord (UCMSCs)21).

In this study, we successfully generated a rat intra-

greatly impinge upon the general condition of the neonate.

amniotic infection/inflammation model by the administration

pregnant women, physicians have no choice but to deliver

We also demonstrated that intravenous injection of rat

When intra-amniotic infection/inflammation is suspected in

the baby prematurely before the inflammation spreads and
harms the fetus, regardless of the clinical benefit that might

result from prolonging the pregnancy. Physicians often
encounter difficulties in diagnosing intra-amniotic infection/
inflammation when the maternal inflammatory response

is minor or subclinical. This leaves the fetus exposed to
a chronic inflammatory response until delivery, and com-

of a relatively low-dose of LPS into the amniotic cavity.
UCMSCs (rUCMSCs) into these neonatal rats attenuated
the reduction of myelination and the deficiency in
alveolarization.

Materials and methods
1)Animals

This study was approved by the Committee for Animal

plications such as PVL or BPD only become apparent post-

Experiments of Tokyo Medical and Dental University

available.

purchased from the Sankyo Labo Service (Tokyo, Japan)

natally. Currently, no fundamental therapy for PVL or BPD is
Postnatal hypoxic-ischemic animal models have often

been used as models of PVL. Unilateral carotid artery
ligation followed by the exposure of immature animals

to hypoxia for a few hours is one such cerebral hypoxia

(#0130144A). Pregnant Sprague-Dawley (SD) rats were
on gestational age day (GAD) 14. The gestational period
of this animal was 22.5 days. The rats were kept in clean
cages with free access to food and water.

model 14, 15). Although various inflammation models in

2)Intra-amniotic infection model and tissue collection

Escherichia coli or lipopolysaccharide (LPS) in the antenatal

model, we referred to previous studies on preterm births

a few animal models utilizing the neonatal condition after

under inhalation anesthesia (2% isoflurane in air) was

which brain injury was induced by the administration of
or postnatal period were also used to study PVL16), only

To develop a rat intra-amniotic infection/inflammation

and neonatal complications15, 22, 23). On GAD 16, laparotomy
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performed on the pregnant rats. The uterus was gently

sections were then incubated overnight with an anti-myelin

fetuses was counted. LPS (0.2μg, E. coli 055:B55; Sigma-

monoclonal antibody, BioLegend, San Diego, CA, USA),

withdrawn from the peritoneal cavity and the number of live

Aldrich, St. Louis, MO, USA) in 20 μL saline or saline alone
was injected into the individual gestational sacs of the

experimental and control group animals, respectively. Then,
the uterus was returned to the peritoneal cavity and the

abdominal incision was closed. On GAD 20, some of the
rats were anesthetized and their placentas were harvested

in order to histologically analyze their inflammatory reaction.

In separate experiments, other rats delivered spontaneously
6 days after LPS administration. The number of live neonates
was counted one day after delivery. The alive-birth rate was
calculated as follows:

Alive-birth rate = number of live pups on postnatal day

(PND) 1/number of live fetuses on GAD 16.

The pups in the experimental group received 20 μL of α

minimum essential medium: αMEM) intravenously for the
subsequent therapeutic experiment.
3)Tissue preparation

On GAD 20, the rats that were previously injected

with LPS or saline were once again anesthetized and

laparotomy was performed to collect their placentas. The

basic protein (MBP) monoclonal antibody (1:500, mouse
while the placental sections were incubated overnight with
an anti-myeloperoxidase (MPO) polyclonal antibody (1:1,
rabbit polyclonal antibody, Thermo Scientific, Rockford, IL,

USA) in a humid chamber at 4℃, and then incubated with

a biotin-conjugated IgG secondary antibody (1:200) for 30
min at room temperature. An avidin-biotinylated peroxidase
complex detection system was used to enhance sensitivity.
Color development of the sections was performed by using

3,3'-diaminobenzidine (DAB) and nuclear staining was
performed with methyl green.

5)Placental immune cell counts

Placental sections containing the umbilical cord insertion

site were stained with hematoxylin and eosin (H&E). Five
random areas in the labyrinth zone in each placenta were

captured using a photomicrograph (x400 magnification,

Leica, Wetzlar, Germany). The number of segmented

leukocytes in the maternal blood space was blindly counted.
Infiltrated neutrophils were quantified by counting MPOpositive cells.

placentas were separated into two parts. The part that

6)RNA extraction and real-time quantitative polymerase

paraformaldehyde (PFA), while the other was placed in

Total RNA from the placentas was isolated using

included the umbilical cord insertion site was fixed with 4%

chain reaction (RT-PCR)

RNAlater® (Life Technologies Japan, Tokyo, Japan) for a

ISOGEN (Nippon Gene, Tokyo, Japan) according to the

14, the pups that were born from the experimental and

the extracted RNA were measured by spectrophotometry

week and stored at 80℃ for further experiments. On PND
control group animals were anesthetized with Nembutal and

perfusion fixation with 4% PFA was performed to harvest

the neonatal brains and lungs. The brains and lungs were
collected and immersed in 4% PFA at 4℃ for several days.
4)Immunohistochemistry

The placentas, brains and lungs were embedded in

paraffin blocks, and serial coronal sections of 5 μm
thickness were obtained. Brain sections containing the

choroid plexus and placental sections containing the
umbilical cord insertion site were chosen from each

individual series. After deparaffinization and rehydration,
the sections were boiled in a microwave in 10 mM sodium

citrate for 15 min for antigen retrieval. The sections were

manufacturer's instructions. The purity and concentration of

(Gene Quant pro, GE Healthcare Japan, Tokyo, Japan).
One microgram of total RNA was reverse-transcribed using

a first strand cDNA synthesis kit (Roche, Basel, Switzerland)
according to the manufacturer's instructions. RT-PCR was
performed using SYBR Green PCR Master Mix (Roche)

and gene specific primers with a Light Cycler 480 II (Roche).
Each experiment was performed in triplicate. The primers

used for RT-PCR were as follows: Il-1β forward, 5'-CACCT
CTCAAGCAGAGCACAG-3'; Il-1β reverse, 5'-GGGTTCCA

TGGTGAAGTCAAC-3'; Tnfα forward, 5'-ATGTGGAACTG

GCAGAGGAG-3'; Tnfα reverse, 5'-ACGAGCAGGAATGAG
AAGAGG-3'; Mcp-1 forward, 5'-AGCCAGATGCAGTTAAT
GCCC-3'; Mcp-1 reverse, 5'-ACACCTGCTGCTGGTGATT

CTC-3'; Il-6 forward, 5'- AGTTGCCTTCTTGGGACTGA-3';

incubated in a solution of 0.3% H2O2 in methanol for 30

Il-6 reverse, 5'-CAGAATTGCCATTGCACAAC-3'; Cox-1

by blocking with 2% horse serum solution. The brain

5'-AGGTGGCATTCACAAACTCC-3'; Cox-2 forward, 5'-T

min to inhibit endogenous peroxidase activity, followed

forward, 5'-GCCTCGACCACTACCAATGT-3'; Cox-1 reverse,
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CAAGACAGATCAGAAGCGA-3'; Cox-2 reverse, 5'-TACC
TGAGTGTCTTTGATTG-3'; glyceraldehyde 3-phosphate

dehydrogenase (Gapdh ) forward, 5'-ACCACAGTCCATGC
CATCAC-3'; and Gapdh reverse, 5'-TCCACCACCCTGTT

GCTGTA-3'. Melting curves were assessed to evaluate the

PCR specificity. For quantification, standard curves were
obtained using serial dilutions of the appropriate sample.

mRNA expression was normalized to that of Gapdh mRNA
used as an internal control. The data are presented as the
relative mRNA levels.

7)Assessment of white matter injury in the neonatal
rats

In neonatal brain sections stained with MBP, the peri-

ventricular region was captured using a photomicrograph

(Leica, x40 magnification) operated by an investigator

Fig. 1 Pregnancy outcome of this intra-amniotic infection/
inflammation model in rat
(A)Alive-birth rate (control group n=5, LPS group n=12).
(B) Weight of the pups (day 1 LPS n=23, control n=18. Day 7 LPS
n=15, control n=17. Day 14 LPS n=7, control n=12).
Mean±S.E.M, Student's t -test, ＊ p <0.05

who was blinded to the groups. Determination of the

MBP-positive areas was performed by computer-assisted
planimetry (ImageJ software, version 1.27z, National
Institute of Health, Bethesda, MD, USA).

8)Assessment of pulmonary alveolar maturation in neonatal rats

The neonatal lung sections were stained with H&E.

Neonatal lung images were captured under microscopy
(Biozero; Keyence Co., Osaka, Japan, x32 magnification)

and lung maturation was assessed using the radial alveolar
count method (RAC)24, 25). Briefly, the number of alveoli on a

radial line from the pleura to the nearest terminal bronchiole
was counted in five random areas in each section.
9)Isolation and administration of rUCMSCs

rUCMSCs were isolated by using the tissue explant

method21) from the umbilical cords collected from a pregnant

rat (dam) by cesarean section on GAD 20. Pups born from
intra-amniotic infection/inflammation model dams were

injected with approximately 100,000 cells in 20 μL αMEM
(LPS+MSC group) or 20 μL αMEM alone (LPS group)

intravenously on postnatal day 1 and 7. Tissue collection
and assessment of periventricular white matter damage
was performed as described above.
10)Statistical analysis

Statistical analysis was conducted using the JMP software

program (SAS Institute Inc., NC, USA). Differences between
the control and LPS group were assessed using Student's

t -test. Evaluation of the control, LPS, and LPS+MSC

group was performed by analysis of variance and TurkeyKramer tests. P values <0.05 were considered statistically
significant.

Results

On GAD 16, LPS or saline was injected into individual

gestational sacs. Preterm delivery was not observed. The

alive-birth rate was significantly lower in LPS-injected
animals (LPS group) compared with saline-injected animals

(control group) (67±4% vs. 89±4% respectively, means±
S.E.M. p =0.006) (e.g., Fig. 1A). The weight of the pups was
significantly higher in the LPS group on PND 1 and higher
in the control group on PND 14 (e.g., Fig. 1B).

First, placental inflammation was examined histologically.

A significant increase in inflammatory cell infiltration was

observed in the placenta of the LPS-administered animals
(LPS group: 3.83±0.28/high power field (hpf) vs. control
group 2.38±0.28/hpf, means±S.E.M. p =0.002) (e.g., Fig. 2
A-C). The interstitium of the placental labyrinth zone tended

to be thickened in the LPS group. MPO-immunostaining
revealed greater MPO-positive cell infiltration in the placenta

of the LPS group of animals when compared to the control
animals (e.g., Fig. 2 D-F).

Next, we investigated the expression of inflammatory

cytokines and enzymes in the placenta. A significant upregulation of Mcp-1 (5.4±1.7-fold change, means±S.E.M.

p =0.006) and Cox-2 (8.0±2.1-fold change, means±S.E.M.
p =0.017) expression was observed in the LPS group 4
days after administration (e.g. Fig. 2G). On the other hand,
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Fig. 2 Intra-amniotic injection of LPS caused chronic
inflammation in placenta

(A)H&E staining of the placenta (labyrinth zone) from the LPS group
animals and (B)from the control group animals.
(C)Number of infiltrated inflammatory cells (control group n=12, LPS
group n=12).
(D)MPO (neutrophil marker) staining of the placenta (labyrinth zone)
from LPS group animals and (E) from control group animals.
(F)Number of infiltrated MPO-positive cells (control group n=12, LPS
group n=12).
(G)Inflammatory cytokine expression in the placenta (control group
n=5-8, LPS group n=7-9).
Mean±SEM, Student's t -test, ＊ p <0.05

the expression of acute inflammatory cytokines such as Il-

1β, Il-6 , and Tnfα tended to be up-regulated, although not
significantly, in the LPS group.

We then investigated the neonatal pathology and tested

the therapeutic potential of rUCMSCs in this model. In the
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Fig. 3 The administration of rUCMSCs to neonates ameliorates
both brain and lung injuries caused by intra-amniotic
injection of LPS
(A)MBP immunostaining of the periventricular region in neonatal rat
brains in the control group, (B)LPS group, and (C) LPS+MSC group.
(D)H&E staining of the neonatal lung in the control group, (E)LPS
group, and (F) LPS+MSC group.
(G)Percentage of MBP positive area (control group n=7, LPS group
n=6, LPS+MSC group n=6).
(H)Radial alveolar count (control group n=3, LPS group n=5, LPS+MSC
group n=5).
Mean±SEM, Analysis of variance and Turkey-Kramer tests, *p <0.05

(e.g., Fig. 3E,F,H). These results suggest that rUCMSCs
ameliorate both myelination and alveolarization.

Discussion

We demonstrated that LPS administration into the amniotic

neonatal rat brains, the percentage of MBP-positive areas

cavity of pregnant rats induces placental inflammation with

±4.25% vs. control group: 44.5±5.67%, means±S.E.M.

therapeutic effects of rUCMSCs against these injuries were

was significantly lower in the LPS group (LPS group: 23.6

p <0.01), suggesting a delay or impairment of myelination

(e.g., Fig. 3A,B,G). At 7 days after the administration of

signs of neonatal brain and lung injury. Furthermore, the
clearly shown in this model.

The etiology of neonatal complications is multifactorial,

rUCMSCs, the MBP-positive area significantly increased

including immaturity, intra-amniotic infection/inflammation,

that in the LPS group (e.g., Fig. 3 B,C,G). In the neonatal

individual contribution of the various factors to disease

in the periventricular region of control rats as compared to
lungs, a significant reduction of RAC was observed in the

LPS group (LPS group: 14.0±0.68/line vs. control group:
9.40±0.95/line, means±S.E.M. p <0.05) (e.g., Fig. 3D,E,H).
A thicker interstitium was observed in the LPS group,

which is a pathognomonic feature of chronic lung disease.
In the LPS+MSC group, RAC was significantly increased

hypoxia/ischemia and postnatal intervention effects, and

progression remains unclear. PVL occasionally appears

without any hypoxic/ischemic episode in neonates in

cases that present with chorioamnionitis. We successfully

generated neonatal brain and lung injuries that mimic PVL
and BPD by the administration of a relatively low dose of
LPS into the amniotic cavity.
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We found that inflammatory cell infiltration and the ex-

mediated surge in angiogenesis leads to the formation of

significantly increased in the rat placenta on GAD 20.

are required to investigate whether these mechanisms are

pression of the protein markers for chronic inflammation
Furthermore, a decrease in myelination and alveolarization
was found in the rats on PND 14.

aberrant alveolar capillaries in the lungs38). Further studies
involved in the model reported here.

As both the blood circulation and amniotic/alveolar fluid

In this study, we used LPS, which is wall component of

pathways might be involved in the extension of inflammation

that intra-amniotic infection with Escherichia coli (E. coli)

lower than those used in previous reports15, 23), was enough

gram negative bacteria. Several reports have demonstrated

leads to preterm-stillbirth in animal models 26-28), while
the infusion of LPS has been reported to cause both

to the fetus, the dose of LPS used, which was relatively
to cause the brain and lung injuries in this model.

We showed the therapeutic effect of rUCMSCs on these

preterm-stillbirth29) and neonatal injuries without preterm

brain and lung injuries. Therapeutic effects of MSCs have

mechanisms. In this study we utilized LPS infusion to

alopathy and hyperoxia-induced lung injury39, 40). However,

birth30), implying the involvement of different underlying

cause intra-amniotic infection/inflammation with fetal

injuries in order to evaluate the brain and lung injuries as
well as whether MSCs exert any effect on them. Since the
cause of intrauterine infection is typically a polymicrobial

infection such as Gardnerella vaginalis, bacteroides,
Group B streptococcus and Escherichia coli as well as

genital mycoplasmas such as Ureaplasma urealyticum
and Mycoplasma hominis, further studies are needed to

determine whether MSCs also exert a therapeutic in their
individual cases.

LPS injected into amniotic cavity triggers a maternal

previously been reported for ischemia/hypoxia enceph-

the effect of MSCs on PVL or BPD caused by intra-amniotic
infection/inflammation is not wells understood. Surprisingly,

the transvenous administration of rUCMSCs on PND 1 and

7 (approximately one or two weeks after LPS exposure)
improved periventricular myelination and alveolarization 2

weeks after birth. This result suggests that intra-amniotic
infection/inflammation causes consecutive disorders in the
brain and lung and worsens the symptoms without intervention. In addition, these results may expand the possibility
of treatment for PVL and BPD to the period after birth.

Recently, Lei et al. reported that maternal administration

immune response that leads to an increase the number

of adipocyte-derived MSCs 15 hours prior to inducing

in the placenta31), indirectly stimulating the fetal immune

encephalopathy and dyskinesia in a mouse model 41).

of infiltrated immune cells and the expression of cytokines
response via maternal-fetal blood circulation. Also, LPS

injected into the amniotic cavity can directly trigger the

fetal immune response by fetus aspiration of amniotic fluid.

Fetal systemic inflammation injures the fetal brain, lung
and other organs. In terms of white matter injury, it has
been reported that activated microglia play a key role in
injuring cells such as premyelinating oligodendrocytes and
neurons via the secretion of proinflammatory cytokines
and reactive oxygen species

32-34)

. The clinical relation

injuries with LPS improved the preterm birth rate, neonatal

This study is clinically significant since the prolongation

of the pregnancy period and the reduction of neonatal
complications were achieved at the same time. In our study,

we demonstrated the possibility of postnatal treatment for

fetuses exposed to chronic inflammation. In future studies,
we will examine the effects of maternal administration of

rUCMSCs in this rat intra-amniotic infection/inflammation
model.

In this study, we did not examine the mechanism

between BPD and intra-amniotic infection/inflammation

underlying the effect of rUCMSCs treatment. Previous

demonstrated the causative mechanism of intra-amniotic

angiogenesis potential of MSCs20) might contribute to the

has been widely accepted 35, 36) . A few reports have
infection/inflammation (induced) induces BPD. Benjamin
et al. showed that LPS exposure resulted in a decreased

expression of fibroblast growth factor-10, a critical protein

studies have reported anti-inflammation, anti-apoptosis, and
improvement of symptoms following their administration,
but further investigation is still ongoing.

The animal model established in this study should prove

in bronchial and bronchiolar development37). Miller et al.

useful in the investigation of pathological conditions

of angiogenic CC chemokines, such as macrophage

prolongation of pregnancy or other causes, as well as in the

found that prenatal LPS exposure increases the production
inflammatory protein-1α and monocyte chemoattractant

protein-1, in the fetal lung, speculating that an inflammation-

induced by an exposure to chronic inflammation due to the

development of novel strategies for therapy or prophylaxis
of neonatal complications.

Original Article Therapeutic effect of MSCs on neonatal complications
Inflammation and Regeneration

Vol.35 No.5

November 2015

267

Acknowledgment and Source of funding

Thrown off balance: the effect of antenatal inflammation

of Science, Grant-in-Aid for Scientific Research©, grant number

Obstet Gynecol. 2013; 208: 429-437.

This work was supported by Japan Society for the Promotion

on the developing lung and immune system. Am J

25462551.

10) Baraldi E, Filippone M: Chronic Lung Disease after

Conflict of interests

11) Miyazaki Y, Araki K, Vesin C, Garcia I, Kapanci Y,

Premature Birth. N Engl J Med. 2007; 357: 1946-1955.

The authors have no conflict of interest to disclose.

References

1) Costeloe KL, Hennessy EM, Haider S, Stacey F,

Marlow N, Draper ES: Short term outcomes after
extreme preterm birth in England: comparison of two

birth cohorts in 1995 and 2006 (the EPICure studies).
BMJ. 2012; 345: e7976.

2) Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook
AR, Walsh MC, Hale EC, Newman NS, Schibler K,
Carlo WA, Kennedy KA, Poindexter BB, Finer NN,

Ehrenkranz RA, Duara S, Sánchez PJ, O'Shea TM,

Goldberg RN, Van Meurs KP, Faix RG, Phelps DL,
Frantz ID, Watterberg KL, Saha S, Das A, Higgins RD:

Neonatal outcomes of extremely preterm infants from

the NICHD Neonatal Research Network. Pediatrics.
2010; 126: 443-456.

3) Iida K, Takashima S, Ueda K: Immunohistochemical
study of myelination and oligodendrocyte in infants with

periventricular leukomalacia. Pediatr Neurol. 1995; 13:
296-304.

4) Volpe JJ: Neurobiology of periventricular leukomalacia
in the premature infant. Pediatr Res. 2001; 50: 553-562.

5) Volpe JJ: Cerebral White Matter Injury of the Premature
Infant--More Common Than You Think. Pediatrics.
2003, 112: 176-180.

6) van Vliet EOG, de Kieviet JF, van der Voorn JP, Been J V,

Oosterlaan J, van Elburg RM: Placental pathology and

long-term neurodevelopment of very preterm infants.
Am J Obstet Gynecol. 2012; 206: 489. e1-7.

7) Been J V, Vanterpool SF, de Rooij JDE, Rours GIJG,
Kornelisse RF, van Dongen MCJM, van Gool CJ a
W, de Krijger RR, Andriessen P, Zimmermann LJI,

Kramer BW: A clinical prediction rule for histological
chorioamnionitis in preterm newborns. PLoS One.
2012; 7: e46217.

8) Watterberg KL, Demers LM, Scott SM, Murphy S:

Chorioamnionitis and early lung inflammation in infants

in whom bronchopulmonary dysplasia develops.
Pediatrics. 1996; 97: 210-215.

9) Kunzmann S, Collins JJP, Kuypers E, Kramer BW:

Whitsett JA, Piguet PF, Vassalli P: Expression of a

tumor necrosis factor-alpha transgene in murine lung
causes lymphocytic and fibrosing alveolitis. A mouse
model of progressive pulmonary fibrosis. J Clin Invest.
1995; 96: 250-259.

12) Hardie WD, Bruno MD, Huelsman KM, Iwamoto HS,

Carrigan PE, Leikauf GD, Whitsett JA, Korfhagen TR:
Postnatal lung function and morphology in transgenic

mice expressing transforming growth factor-alpha. Am J
Pathol. 1997; 151: 1075-1083.

13) DiCosmo BF, Geba GP, Picarella D, Elias JA, Rankin
JA, Stripp BR, Whitsett JA, Flavell RA: Airway epithelial

cell expression of interleukin-6 in transgenic mice.
Uncoupling of airway inflammation and bronchial hyperreactivity. J Clin Invest. 1994; 94: 2028-2035.

14) van Velthoven CTJ, Kavelaars A, van Bel F, Heijnen

CJ: Mesenchymal stem cell treatment after neonatal

hypoxic-ischemic brain injury improves behavioral
outcome and induces neuronal and oligodendrocyte
regeneration. Brain Behav Immun. 2010; 24: 387-393.

15) Hagberg H, Peebles D, Mallard C: Models of white
matter injury: comparison of infectious, hypoxic-ischemic,

and excitotoxic insults. Ment Retard Dev Disabil Res
Rev. 2002; 8: 30-38.

16) Choi E-K, Park D, Kim TK, Lee SH, Bae D-K, Yang G,
Yang Y-H, Kyung J, Kim D, Lee WR, Suh J-G, Jeong

E-S, Kim SU, Kim Y-B: Animal models of periventricular
leukomalacia. Lab Anim Res. 2011; 27: 77-84.

17) Rees S, Inder T: Fetal and neonatal origins of altered
brain development. Early Hum Dev. 2005; 81: 753-761.

18) Zhu L-H, Bai X, Zhang N, Wang S-Y, Li W, Jiang L:
Improvement of human umbilical cord mesenchymal
stem cell transplantation on glial cell and behavioral

function in a neonatal model of periventricular white
matter damage. Brain Res. 2014; 1563: 13-21.

19) Young HE, Black AC: Adult stem cells. Anat Rec A
Discov Mol Cell Evol Biol. 2004; 276: 75-102.

20) Lee RH, Oh JY, Choi H, Bazhanov N: Therapeutic
factors secreted by mesenchymal stromal cells and
tissue repair. J Cell Biochem. 2011; 112: 3073-3078.

21) Marmotti A, Mattia S, Bruzzone M, Buttiglieri S, Risso

Original Article Therapeutic effect of MSCs on neonatal complications
Inflammation and Regeneration

Vol.35 No.5

November 2015

268

A, Bonasia DE, Blonna D, Castoldi F, Rossi R, Zanini

Abrahams VM, Mor G: Toll-like receptor-2 and -4 in

umbilical cord fragments as a source of cells for

at term and in preterm parturition that are associated

C, Ercole E, Defabiani E, Tarella C, Peretti GM: Minced

orthopaedic tissue engineering: an in vitro study. Stem
Cells Int. 2012; 2012: 326813.

the chorioamniotic membranes in spontaneous labor

with chorioamnionitis. Am J Obstet Gynecol. 2004; 191:
1346-1355.

22) Kumral A, Baskin H, Yesilirmak DC, Ergur BU, Aykan

32) Rivest S: Molecular insights on the cerebral innate

O, Duman N, Ozkan H: Erythropoietin attenuates

33) Li J, Baud O, Vartanian T, Volpe JJ, Rosenberg PA:

S, Genc S, Genc K, Yilmaz O, Tugyan K, Giray

lipopolysaccharide-induced white matter injury in the
neonatal rat brain. Neonatology. 2007; 92: 269-278.

23) Ueda K, Cho K, Matsuda T, Okajima S, Uchida M,

Kobayashi Y, Minakami H, Kobayashi K: A rat model for

immune system. Brain Behav Immun. 2003; 17: 13-19.

Peroxynitrite generated by inducible nitric oxide
synthase and NADPH oxidase mediates microglial

toxicity to oligodendrocytes. Proc Natl Acad Sci U S A.
2005; 102: 9936-9941.

arrest of alveolarization induced by antenatal endotoxin

34) Buntinx M, Moreels M, Vandenabeele F, Lambrichts

24) Cooney TP, Thurlbeck WM: The radial alveolar count

induced cell death in human oligodendroglial cell lines:

administration. Pediatr Res. 2006; 59: 396-400.

method of Emery and Mithal: a reappraisal 1--postnatal
lung growth. Thorax. 1982; 37: 572-579.

25) Betz P, Nerlich A, Bussler J, Hausmann R, Eisenmenger
W: Radial alveolar count as a tool for the estimation of
fetal age. Int J Legal Med. 1997; 110: 52-54.

I, Raus J, Steels P, Stinissen P, Ameloot M: CytokineI. Synergistic effects of IFN-gamma and TNF-alpha on
apoptosis. J Neurosci Res. 2004; 76: 834-845.

35) Thomas W, Speer CP: Chorioamnionitis is essential in
the evolution of bronchopulmonary dysplasia--the case
in favour. Paediatr Respir Rev. 2014; 15: 49-52.

26) Debillon T, Gras-Leguen C, Vérielle V, Winer N, Caillon

36) Hartling L, Liang Y, Lacaze-Masmonteil T: Chorio-

programmed cell death in rabbit periventricular white

a systematic review and meta-analysis. Arch Dis Child

J, Rozé JC, Gressens P: Intrauterine infection induces
matter. Pediatr Res. 2000; 47: 736-742.

amnionitis as a risk factor for bronchopulmonary dysplasia:
Fetal Neonatal Ed. 2012; 97: F8-F17.

27) Davies JK, Shikes RH, Sze C-I, Leslie KK, McDuffie

37) Benjamin JT, Smith RJ, Halloran BA, Day TJ, Kelly DR,

the maternal and fetal compartments in a rabbit model

dysplasia and suppressed by Toll-like receptor activation.

RS, Romero R, Gibbs RS: Histologic inflammation in
of acute intra-amniotic infection. Am J Obstet Gynecol.
2000; 183: 1088-1093.

28) Yoon BH, Kim CJ, Romero R, Jun JK, Park KH, Choi
ST, Chi JG: Experimentally induced intrauterine infection

causes fetal brain white matter lesions in rabbits. Am J
Obstet Gynecol. 1997; 177: 797-802.

29) Timmons BC, Reese J, Socrate S, Ehinger N, Paria BC,

Milne GL, Akins ML, Auchus RJ, McIntire D, House M,
Mahendroo M: Prostaglandins are essential for cervical

ripening in LPS-mediated preterm birth but not term or
antiprogestin-driven preterm ripening. Endocrinology.
2014; 155: 287-298.

30) Dada T, Rosenzweig JM, Al Shammary M, Firdaus W, Al

Rebh S, Borbiev T, Tekes A, Zhang J, Alqahtani E, Mori

Prince LS: FGF-10 is decreased in bronchopulmonary
AJP Lung Cell Mol Physiol. 2006; 292: L550-L558.

38) Miller JD, Benjamin JT, Kelly DR, Frank DB, Prince LS:
Chorioamnionitis stimulates angiogenesis in saccular

stage fetal lungs via CC chemokines. Am J Physiol
Lung Cell Mol Physiol. 2010; 298: L637-L645.

39) Lee JA, Kim B Il, Jo CH, Choi CW, Kim E-K, Kim H-S,

Yoon K-S, Choi J-H: Mesenchymal stem-cell transplantation for hypoxic-ischemic brain injury in neonatal
rat model. Pediatr Res. 2010; 67: 42-46.

40) Sutsko RP, Young KC, Ribeiro A, Torres E, Rodriguez M,

Hehre D, Devia C, McNiece I, Suguihara C: Long-term

reparative effects of mesenchymal stem cell therapy

following neonatal hyperoxia-induced lung injury.
Pediatr Res. 2013; 73: 46-53.

S, Pletnikov MV, Johnston MV, Burd I: Mouse model

41) Lei J, Firdaus W, Rosenzweig JM, Alrebh S, Bakhshwin

in long-term neurologic and immune sequelae. Brain

V, Burd I: Murine model: maternal administration of

of intrauterine inflammation: Sex-specific differences
Behav Immun. 2014; 38: 142-150.

31) Kim YM, Romero R, Chaiworapongsa T, Kim GJ, Kim
MR, Kuivaniemi H, Tromp G, Espinoza J, Bujold E,

A, Borbiev T, Fatemi A, Blakemore K, Johnston M

stem cells for prevention of prematurity. Am J Obstet
Gynecol. 2014; 212: 639.e1-10.

