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Fic. 3 Clinical presentations of Aicardi-Goutiéres
syndrome patients

(A) Chilblain lesions observed in AGS patients. The left
panel shows the hand of patient 1. The right panel shows
the foot sole of patient 3. (B) Cranial calcifications on head
CT scans. The left panel shows the head CT scan of pa-
tient 7 at the age of 4 months. The right panel shows head
CT scan of patient 8 at the age of 3 months.

Laboratory findings

All of the AGS patients examined showed at least one CSF
abnormality, including lymphocytosis, elevated IFN-o
levels or elevated neopterin levels (Table 3). All three
patients harbouring dominant-type TREX? mutations
(patients 1-3) showed elevated serum IFN-u levels at the
age of =7 years.

Seven patients showed elevated levels of serum auto-
antibodies: ANA in four cases (patients 8-10 and 12), anti-
ssDNA antibodies in four cases (patients 5, 7, 9 and 10),
anti-dsDNA antibodies in patients 5 and 9, anti-RNP anti-
bodies in patients 8 and 10, anti-DNA antibody in patient
8, anti-SS-A antibody in patient 10 and anti-LKM1 anti-
body in patient 11. All three patients harbouring SAMHD1
mutations showed increases in multiple autoantibody
types. Other immunological findings included hypergamma-
globulinaemia in patients 9-11 and hypocomplement-
aemia in patients 9 and 11.

Abnormal liver function was observed in nine cases
(patients 4-6, 8-11, 13 and 14). Hematological abnormal-
ities included thrombocytopenia in four cases (patients 8,
9, 11, and 13) and anaemia in patients 8 and 14.
Regarding endocrine complications, we found moderate
hypothyroidism in patients 1 and 9 and diabetes mellitus
in patients 8 and 10.
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Imaging findings

CT scans revealed cranial calcifications in all 14 patients
(Fig. 2B). Eleven patients (patients 1-7 and 9-12) had cal-
cifications in the bilateral basal ganglia, and some had
calcifications in the thalamus, periventricular lesions or
cerebellar hemispheres. Eleven patients (patients 3-9
and 11-14) had white matter abnormalities. High-intensity
signals were observed mainly in periventricular lesions,
frontal lobes or temporal lobes on T2-weighted MRI
scans. Brain atrophy was evident in all but patient 1; this
patient showed only moderate developmental delay.

Discussion

Here we present the results of the first nationwide survey
of AGS patients conducted to examine the clinical mani-
festations and genotype-phenotype cotrelations of this
disease. RNASEH2B is reported to be the most
common gene associated with AGS (50 of 127 pedigrees)
[3]; however, this mutation was identified at a significantly
lower rate in the Japanese cohort (P < 0.05). The majority
of the AGS patients in the present study harboured
mutations in TREXT and SAMHD1. Although our cohort
was small, the results suggest that the frequency of
AGS gene mutations is variable in different ethnic
populations.

AGS is usually inherited in an autosomal recessive
manner, and previous studies have shown that consan-
guineous pedigrees are often involved [2, 3]. However,
there was no consanguinity among our patients.
Interestingly, we identified two patients harbouring de
novo dominant-type TREXT mutations; this is a higher
proportion than previously reported [3], since such pa-
tients are reported very rarely [2, 10-12]. AGS patients
usually show severe neurological disabilities and rarely
have children. Thus pedigrees are unhelpful when iden-
tifying de novo dominant-type AGS; however, the pres-
ence of parental consanguinity would facilitate the
diagnosis of the more common recessive-type AGS.
Since similar de novo mutations are expected to occur
among different ethnic origins, we speculate that there
might be more AGS patients harbouring de novo domin-
ant-type mutations in other countries, regardless of the
presence or absence of consanguinity.

The neurological symptoms shown by our AGS cohort
were similar to those reported in previous studies, and
included developmental delay, seizures, microcephaly,
dystonia and hypotonia [2, 3]. The cohort also comprised
a high percentage of patients with severe developmental
delay, although AGS cases that are neurologically milder
were recently described [2]. All of the patients in the pre-
sent cohort presented with the first symptoms of the dis-
ease by the age of 6 months. This could be because the
cohort harboured few RNASEH2B mutations, which are
associated with less severe neurological findings and
later-onset presentation [2, 3].

AGS is highly associated with type | IFN-related auto-
immunity [2, 16]. SLE shows many similarities to AGS,
and previous reporis describe two patients with
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TasLe 3 Laboratory findings of Aicardi-Goutiéres syndrome patients

Patient “Genotype‘

13
14

TREX1
AD
TREX1
AD

. TREX1

AD

TREX1

AR

TREX1

AR
RNASEH2B
?
RNASEHZ2A
AR
SAMHD1
AR
SAMHD1
AR

SAMHD1
AR
ND
ND

ND
ND

. CSF

lymphocytosis

n.d.
n.d.

Yes
(1years)
Yes

(10 months)
Yes

(23 days)
Yes

(8 months)
Yes

(6 months)
Yes

(2 months)
Yes

(9 months)

No

(16 years)
No

(11 months)
No

(3years)
n.d.

Yes

(4 days)

CSF:

elevated

: IEN-o
nd.
n.d.

No

(7 years)
Yes
(2years)
No
(10years)
Yes

(8 months)
Yes

(6 months)
n.d.

Yes
(9 months)

n.d.

Yes

(11 months)
No

(3years)
n.d.

n.d.

CSF
elevated
neopterin L

n.d.
n.d.

No
(7 years)
nd.

n.d.
n.d.

Yes
(2 years)
n.d.

n.d.

Yes
(16 years)
n.d.

Yes
(3years)
n.d.
n.d.

Serum’
i elevated

. IFN-a

Yes

(14 years)
Yes

(13 years)
Yes

(7 years)
n.d.

No
(10years)
Yes

(8 months)
No

(6 months)
No

(12 years)
n.d.

n.d.
n.d.

n.d.

n.d.
n.d.

Serum
elevated
autoantibody. |

None
None
None
Unknown
Anti-ssDNA, anti-dsDNA
None
Anti-ssDNA
ANA 1:20480, anti-DNA, anti-RNP
ANA 1:640, anti-ssDNA, anti-dsDNA
ANA 1:1280, anti-ssDNA, anti-RNP,

anti-SS-A
Anti-LKM1
ANA 1:320

Unknown
None

‘ O‘the‘r‘cli‘n‘icalﬂ
<. features. -

oderate hypothyridism
None

None

Abnormal liver function
Abnormal liver function
Abnormal liver function
None

Thrombocytopenia, leucocytopenia, anaemia, ab-
normal liver function, diabetes mellitus

Thrombocytopenia, abnormal liver function, hypo-
complementaemia, hypergammaglobulinaemia,
moderate hypothyroidism

Abnormal liver function, hypergammaglobulinaemia,
diabetes mellitus

Thrombocytopenia, abnormal liver function, hypo-
complementaemia, hypergammaglobulinaemia

None

Thrombocytopenia, abnormal liver function
Anaemia, abnormal liver function

AR: autosomal recessive; AD: autosomal dominant; ND: not detected; n.d.: not done. Patients 1-14 are the same as those listed in Table 2. The age at which the data were collected is
shown in parentheses.
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TasLe 4 Summary of Aicardi-Goutiéres syndrome patients with dominant-type TREXT mutations

p.Asp18Asn Japanese

1 19 Het

2 —_ p.His196Tyr  Het, de novo  Japanese

3 - p.Asp200Asn Moes, de novo  Japanese

- 10 p.Asp200Asn Het, de novo  Scottish

- p.Asp200His  Het, de novo  German

— 11 p.Asp18Asn  Het, de novo Undescribed
— 12 p.Asp18His  Het, de novo Undescribed

Yes

Yes

Yes
Yes

Yes

Moderate FC only n.d. Yes
(14 years)
Severe ho n.d. Yes
(13years)
Severe No No Yes
(7 years) (7 years)
Severe No Yes Undescribed
(3years)
Undescribed Undescribed Undescribed  Undescribed
Relatively mild ~ No Yes Yes
(14 years) (14 years)
Severe Undescribed Yes Undescribed
(4 months)

Het: heterozygous; Mos: mosaic; FC: febrile convulsion; n.d.: not done. The age at which the data were collected is shown in

parentheses.

molecularly proven AGS that were also diagnosed with
SLE, one harbouring a SAMHD1 mutation and the other
a TREX1 mutation [2, 17]. In the present study, the first
AGS patient complicated with SS, which is also known
as a type | [FN-related disease [31], was identified, in
addition to two AGS patients diagnosed with SLE. All
three patients harboured SAMHD1 mutations and
tested positive for multiple autoantibodies. These find-
ings suggest that, of all the genes associated with
AGS, SAMHD1 mutations may be most closely asso-
ciated with autoimmunity. Further studies of this associ-
ation might shed light on the pathophysiology of AGS
and autoimmune diseases.

All five patients harbouring TREX7T mutations had chil-
blain lesions, a frequency significantly greater than that
observed for the rest of the cohort (2/9 patients;
P <0.05). However, no previous studies have reported
that chilblain lesions are more common in AGS patients
harbouring TREX? mutations than in those harbouring
other gene mutations. Thus we paid attention to the
three patients harbouring dominant-type TREX7 muta-
tions. The clinical features of seven AGS patients with
dominant-type TREX7 mutations, who consist of the
three reported herein and four additional cases reported
in the literature, are presented in Table 4 [2, 10-12].
Notably, all seven cases had chilblain lesions, which is a
significantly higher proportion than that observed in AGS
patients as a whole (43% of 123 patients; P <0.01) [3].
Besides AGS, heterozygous TREXT mutations are also
associated with FCL, which presents with skin symptoms
alone [10, 18, 19, 32]. Since dominant-type TREXT muta-
tions are more likely to cause chilblains, it would be inter-
esting to examine the differences in the underlying
molecular mechanisms.

Although IFN-a levels in the CSF of AGS patients usu-
ally normalize during the first few years [3], serum IFN-o
levels have not been studied extensively. We found that
AGS patients harbouring dominant-type TREXT
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mutations tended to show persistent increases in
serum IFN-o levels, even after they became older
(Table 4). Previous reports have shown that patients
receiving type | IFN present with vasculitic lesions that
are similar to the chilblain lesions seen in AGS patients
[33, 34]. Therefore we speculate that the chilblain lesions
observed in AGS patients harbouring dominant-type
TREX1 mutations are related to persistently high serum
IFN-a. levels. Since the data on serum IFN-o levels of
AGS patients are limited, further studies of more AGS
cases from different ethnic backgrounds are needed to
confirm the relationship between chilblains and IFN-o
levels.

The dimeric protein, TREX1, is a major component of
the 3'-5 exonucleases in mammalian cells and functions
1o eliminate ssDNA and degrade nicked genomic DNA [6,
35, 36]. A previous study showed that TREXT mutations
causing dominant-type AGS are localized to Asp18 and
Asp200, which are highly conserved Mg®"-coordinating
aspartate residues required for catalytic function
(Table 4) [37]. The heterozygous mutations p.Asp18Asn,
p.Asp200Asn and p.Asp200His cause loss of function and
exert dominant negative effects on the wild type [38, 39].
We identified a novel heterozygous TREXT mutation,
p.His195Tyr, in our cohort. The exonuclease assays re-
vealed that TREX1PHS195TY" showed defective enzymatic
activity, similar to TREX1PASP18ASN and TREX1P-ASP200Asn
Although we did not generate heterodimers to prove the
dominant negative effect, we identified a third TREX1 resi-
due, His195, which causes AGS in a dominant-type
manner when mutated.

We also identified the first AGS patient harbouring a
somatic mosaicism for a TREX7 mutation, suggesting
that mutated cells could cause AGS, even when co-exist-
ing with normal cells. This mosaicism is consistent with
the hypothesis that IFN-o released from non-hematopoi-
etic cells acts in a paracrine fashion and plays a vital role
in the pathogenesis of AGS [40]. The finding that the
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frequency of the mosaicism was similar in every cell lin-
eage or tissue tested suggests that neural cells would also
show a similar frequency. From a diagnostic point of view,
clinical AGS patients showing an even lower rate of mo-
saicism in de novo dominant-type TREXT mutations might
be missed by conventional direct sequencing, like some
reported cases of cryopyrin-associated periodic syn-
drome [22, 23, 41, 42].

In conclusion, the present nationwide survey identified
more sporadic AGS cases harbouring de novo dominant-
type TREX1 mutations than expected. By exploring the
genotype-phenotype correlations, we also observed a
strong association between dominant-type TREX7 muta-
tions and chilblain lesions, as well as between SAMHD1
mutations and autoimmunity. These findings need to be
confirmed in AGS patients from different ethnic back-
grounds. Nonetheless, these findings emphasize that
rheumatologists need to pay attention to possible spor-
adic AGS cases that present with neurological disorders
and autoimmune manifestations, even from non-consan-
guineous families.

_ Rheumatology key mess:

o A strong association between dominant-type
TREX1 mutations and chilblain lesions was
observed in Aicardi-Goutiéres syndrome patients.

o Special attention  should be paid to
Aicardi-Goutieres syndrome patients with de novo
dominant-type TREX7T mutations.
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ABSTRACT

We assessed the clinical characteristics and efficacy of neurotransmitters and levetiracetam in a patient with
hyperphenylalaninemia due to dihydropteridine reductase (DHPR) deficiency who developed epileptic seizures.
Aboy with DHPR deficiency, who had been successfully treated with tetrahydrobiopterin (BH,), levodopa, and 5-
hydroxytryptophan (5-HTP) since he was 2 months old, started having monthly episodes of blurred vision, loss
of consciousness, and falls at the age of 12 years. He was taking BH, 510 mg/day, levodopa 670 mg/day, 5-HTP
670 mg/day, and entacapone 300 mg/day. We evaluated the seizure semiology, EEG findings, and efficacy of
levodopa, 5-HTP, and levetiracetam (LEV). His seizures were comprised of an abrupt loss of awareness and eye
deviation to the right. Interictal EEG showed slightly slow posterior-dominant rhythm in 7-8 Hz; intermittent,
irregular slowing in the bilateral parieto-occipital region; and multiregional independent spikes in bilateral
hemispheres. Ictal EEG showed a seizure pattern starting at the left temporal region. Brain MRI showed diffuse
signal increase of deep white matter on T2-weighted and FLAIR images. Dosage increase of levodopa to
1340 mg/day, of 5-HTP to 1500 mg/day, or of both did not suppress seizures. Levetiracetam 2000 mg/day mark-
edly reduced seizures without any adverse events. Patients with DHPR deficiency can develop epileptic seizures

of partial onset which can be successfully and safely treated with LEV.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Dihydropteridine reductase (DHPR) deficiency is a rare inherited
disorder which affects the metabolism of tetrahydrobiopterin (BH,4),
causing hyperphenylalaninemia and neurotransmitter deficiency [1].
In Japan, about 1 per 2 million newborns is diagnosed with BH4 defi-
ciency, and about 10% of them have DHPR deficiency [2]. In an interna-
tional survey, DHPR deficiency is the second most common form of BH,
deficiency (34.7%) [3]. Dihydropteridine reductase deficiency in pa-
tients is highly associated with epileptic seizures that are frequently
severe [3,4]. However, the clinical characteristics of their seizures, EEG
findings, and treatment strategies have not been fully established.

Here, we assessed the clinical characteristics and efficacy of neuro-
transmitters and levetiracetam (LEV) to epileptic seizures in a patient
with DHPR deficiency who had been successfully treated with BH,,
levodopa, and 5-hydroxytryptophan (5-HTP). Part of this manuscript

* Corresponding author at: Department of Pediatrics, Okayama Medical Center,
National Hospital Organization, 1711-1 Tamasu, Kitaku, Okayama 701-1192, Japan.
Tel.: +81 86294 9911; fax: -+ 81 86 294 9255.

E-mail address: fuhkun@okayama3.hosp.go.jp (M. Furujo).

http://dx.doi.org/10.1016/j.ebcr.2014.01.007

was presented at the 30th International Epilepsy Congress, 2013, and
appeared in an abstract form [5].

2. Case presentation

A boy, the second child of nonconsanguineous parents, was born at
38 weeks of gestation with a weight of 3.1 kg, At 4 days, phototherapy
was done for jaundice. He was found to have hyperphenylalaninemia
on a routine Guthrie test for newborn screening. His older brother is
healthy. His serum phenylalanine (Phe) level ranged between 492 and
756 pmol/l (normal range: 38-91 pmol/l [4]). He was diagnosed as
having DHPR deficiency based on a BH, loading test; the measurement
of urinary, serum, and CSF pterins; the DHPR activity in dried blood
spots; and the presence of neurotransmitter metabolites in the urine
and CSF. Details of these diagnostic tests were described in our previous
paper [6]. Gene analysis revealed a compound heterozygous muta-
tion of the QDPR gene (G18C/S59X, both are new mutations). At
2 months, treatment was started with BH, 15-20 mg/kg/day, levodopa
15 mg/kg/day, and 5-HTP 15 mg/kg/day, as previously described [4].
The dosage of BH, was adjusted to keep his serum Phe concentration
less than 480 pmol/l without dietary restriction of Phe [6]. Entacapone
300 mg/day was added at the age of 10 years. With this therapy, his

2213-3232/© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. Interictal EEG. (a) Slightly slow posterior dominant rhythm in 7-8 Hz and intermittent irregular slow waves in the bilateral parieto-occipital regions. (b) Multiregional independent
spikes in bilateral hemispheres.

physical development is within normal limits. Folic acid was not admin- However, he started having monthly episodes of blurred vision, loss
istered because its level in his serum - 3.4-5.9 ng/ml (normal range: of consciousness, and falls at the age of 12 years. At that time, he was
3.6-12.9 ng/ml) - is of sufficient amount. He attended an ordinary taking BH4 510 mg/day, levodopa 670 mg/day, 5-HTP 670 mg/day,
elementary school, though he showed mild mental retardation (1Q of and entacapone 300 mg/day. Interictal EEG showed slightly slow poste-
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Fig. 2. Ictal EEG. An electroencephalographic seizure pattern starting at the left temporal region and then a rhythmic burst of fast activities starting at the right temporal region. The patient
was conscious in this particular event, but the same pattern of EEG was observed while he exhibited consciousness disturbance in other complex partial seizures.
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Fig. 3. Brain MR, FLAIR images at the age of 12 years. Note diffuse signal increase of deep white matter.

the bilateral parieto-occipital regions and multiregional independent
spikes in bilateral hemispheres (Fig. 1). During EEG recordings, he had
habitual seizures which comprised an abrupt loss of awareness and
eye deviation to the right without convulsion. Ictal EEG showed an
electrographic seizure pattern starting at the left temporal region and
then a burst of fast activities spreading to the other side (Fig. 2). Brain
MRI showed diffuse signal increase of deep white matter on T2-
weighted and FLAIR images (Fig. 3). Dosage increase of levodopa to
1340 mg/day, of 5-HTP to 1500 mg/day, or of both did not suppress
his seizures. Levetiracetam 2000 mg/day markedly reduced seizures
without any adverse events.

3. Discussion

The present male patient with DHPR deficiency, who had been treat-
ed with supplementation of neurotransmitters since he was 2 months
old, developed epileptic seizures at the age of 12 years. By EEG evalua-
tion of ictal and interictal epochs, we could document that his epileptic
seizures were complex partial seizures originating from the left tempo-
ral region, and he also has diffuse and multiregional abnormalities.
We also demonstrated that antiepileptic drugs such as LEV should be
introduced in order to suppress his seizures; on the other hand, dosage
increase of neurotransmitter supplementation was not effective,

A previous paper described that 6 out of 10 patients with DHPR
deficiency, whose onset of neurotransmitter treatment was at 6 months
of age or older, developed severe epileptic seizures [4]. The present case,
where the treatment was started when the patient was 2 months old,
suggests that neurotransmitter supplementation should be started
earlier than 2 months to prevent the development of seizures. In litera-
ture describing severe seizures or convulsions in patients with DHPR
deficiency, seizure types are myoclonic seizures [7] and seemingly gen-
eralized tonic-clonic seizures, considering that their EEG showed gener-
alized hypsarrhythmic activity or diffuse sharp wave activity [4,8,9]. In
contrast, our patient showed complex partial seizures. This may also
suggest that the timing of treatment administration may affect the
clinical seizure types.

Phenobarbital, clonazepam, and sodium valproate (VPA) have been
used to treat severe seizures in patients with DHPR deficiency [4,8,9].
However, antiepileptic drugs can lead to adverse events; VPA, in par-
ticular, may lead to extrapyramidal tract signs that can worsen
the symptoms in patients with DHPR deficiency and in patients

with other metabolic disorders with dopamine depletion. Our experi-
ence with this patient suggests that LEV can be used in DHPR deficiency
safely.

4. Conclusion

Patients with DHPR deficiency can develop epileptic seizures of
partial onset, which can be successfully and safely treated with LEV. Fur-
ther studies are needed to clarify the mechanism of epileptogenesis and
the therapeutic strategies in patients with DHPR deficiency.
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p < 0.05 was. con5|dered to be statlstlcally srgnlﬂcant by usmg the jMP software
i rprogram (versron 9; SAS Institute, Inc, Cary, North Carolina, Umted States)

o ~ Main Results Out of 180 21 (11. 7/) CDH neonates had the recurrence durlng the\ S A’

course of the follow—up Five (2.8%) pat|ents had the recurrence before pnmary”

dlscharge and 16 (8. 9%) p‘atlents had the recurrence after drscharge Unlvanate analysrse S

o showed that liver hernlatlon (crude odds ratio [OR] 7.4;95% conﬁdence mterval [CI] -

2. 73 -23. 68) defect size. e and D, proposed by the CDH Study Group (crude OR 7. 09;
- 95% Cl, 2.73-19.99) and patch repair. (crude OR, 5.00; 95% cl, 1.91- 14, 70) were nsk’ :
'factors ‘Multivariate Iogrstrc regression analysis showed liver herniation (adjusted OR :
. 3.96; 95/> Cl, 1.01-16.92) was the risk factor for the recurrence G
: . Conclusmn Awude spectrum of the drsease severlty and the rarlty of the dlsease mask !

- the rlsk of the recurrence for CDH patients. This study showed the only factor to predlct

: ~ the recurrence was the liver: hernra’uon These data wrll be helpful for provrdlng

5 'mformatlon for the Iong-term follow—up of the CDHV fa’uents

Introduction

" Recent advances in the prenatal and postnatal congenital
diaphragmatic hernia (CDH) treatment strategy, there have
been increased improvement in outcome.™? Therefore, much
of the clinical interests have shifted to the long-term out-
comes of CDH survivors, since as the survivors can suffer from
the long-term morbidities, including recurrence, pulmonary
disease, gastrointestinal tract disease, hearing loss, im-
pairment in growth and development, and orthopedic
deformities.>

The reported incidence of recurrent diaphragmatic hernia
varies from 5 to 65%.37> The recurrence of the diaphragmatic
hernia sometimes causes gastrointestinal tract disorders and
respiratory disorders, which will severely affect the quality of
life in survivors. Recent articles recommend the chronological
follow-up protocol to monitor the recurrence and other
complications to be early diagnosed and cured when
occurred.®

The rarity of CDH makes conducting well-designed clini-
cal studies extremely difficult because no single institution
can accrue sufficient patients to reach meaningful conclu-
sions. Therefore, the long-term follow-up study for CDH has
based on retrospective studies in a single center experience
or from multiple centers using different treatment
strategies.”

In Japan, the cohort study had started from the multi-
center retrospective cohort study for an antenatally diag-
nosed CDH, and then, performed a nationwide survey to
understand the current treatment and the actual outcome
during the period from 2006 to 2010.8 Thereafter in 2013, a
long-term follow-up study had performed among the ded-
icated institutions to better understand the associated
long-term complications of CDH survivors. The purpose
of this study was to analyze the risk factors for the recur-
rence among CDH neonates as part of the long-term follow-
up study.

European Journal of Pediatric Surgery ~ Vol. 25 No. 1/2015

Materials and Methods

Patient Selection
This retrospective survey was approved by the ethics commit-
tees of the nine representative institutions, including the
Graduate School of Medical Sciences, Kyushu University; Na-
tional Center for Child Health and Development; Nagoya
University Hospital; Osaka Medical Center and Research Insti-
tute for Maternal and Child Health; Kobe Children’s Hospital;
Faculty of Medicine, University of Tsukuba; Graduate School of
Medical Sciences, Chiba University; Hyogo College of Medi-
cine; and Graduate School of Medicine, Osaka University
(representative institutional review board approval no. 25-
222, Graduate School of Medical Sciences, Kyushu University).
A nationwide retrospective cohort study was conducted
on CDH neonates diagnosed to have CDH between fanu-
ary 2006 and December 2010, and a total of 674 CDH neo-
nates diagnosed during the 5-year period. Subsequent long-
term follow-up study was conducted among the Japanese
CDH Study Group and finally nine institutions which had 228
CDH neonates in the previous study consented to participate.
According to this recurrence survey, 180 patients who had
repaired the defect at the primary operation and the survived
at least 3 years were included. Two right CDH patients who
had not repaired the defect at the primary operation were
excluded in this survey. One had to stop the operation
because of the decrease in blood pressure during the course
of correcting the liver position, while the other had been
despaired the operation because of the ipsilateral lung defect.

Data Collection

The postnatal variables, including the presence of a prenatal
diagnosis, birth location, sex, the presence of the associated
anomalies, the side of the defect, the use of inhaled nitric
oxide (INO), and extracorporeal membrane oxygenation
(ECMO), gestational age at delivery and birth weight, Apgar
score at 1 minute, and the lowest oxygenation index (OI)
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Table 7 Postnatal characteristics, comparing the Rec and non-Rec

Variables TRecti=21) | NonRec(n=159) [pvame
Prenatal diagnosis (%) 21 (100) 134 (84.3) 0.048
Inborn (%) ' 21 (100) 134 (86.5) 0.048
Male gender (%) 7 (33.3) 91 (57.2) 0.06
Non-isolated CDH (%) 3(14.3) 9 (5.7) 0.151
Right side of hernia (%) 2 (9.5) 11 (6.9) 0.651
iNO (%) 20 (95.2) 102 (64.2) 0.001
ECMO (%) 1(4.8) 9(5.7) 0.863

 Continuous variable: : . L
Gestational age (d), mean £ SD 261.8 £ 18.4 264.8 £ 11.0 0.279
Birth weight (d), mean + SD 2,533.7 £ 601.5 2,703.3 £+ 453.7 0.124
Apgar score at 1 minute, median (interquartile range) 5(2-7) 5(3-7) 0.358
Lowest Ol, median (interquartile range) 4.8 (3.3-6.4) 3.8 (2.8-5.9) 0.906

Abbreviations: ECMO, extracorporeal membrane oxygenation; iNO, inhaled nitric oxide; non-Rec, nonrecurrence group; Ol, oxygenation index; Rec,

recurrence group; SD, standard deviation.

within 24 hours after birth were reviewed. An isolated CDH
was defined as the CDH without any associated life-threaten-
ing or chromosomal anomalies.?

The perioperative variables were also examined. The
presence of liver herniation, the type of diaphragmatic clo-
sure, and the defect size were also reviewed. Liver herniation
was defined as CDH patients whose liver had herniated into
the thoracic cavity during the operation. The defect size was
determined according to the CDH Study Group's criteria, as
previously reported in the literature.3~'°

Statistical Analysis

The patients were divided into the recurrence group (Rec)
(n = 21) and nonrecurrence group (Non-Rec) (n = 159). Post-
natal and intra- or postoperative variables were compared
between these two groups. The frequencies and percentages
were used to describe the categorical data. The x test and Fisher
exact test were used for the analysis of the categorical data. The
mean and standard deviation or median and interquartile range
were used to describe continuous variables. Student t-test and an
analysis of variance were used to compare continuous variables.
Baseline variables which showed significance in univariate
analysis were entered into multiple logistic regression analysis
for analyzing the recurrence. Kaplan-Meier analysis and Cox
proportional hazards regression were also used for the recur-
rence analyses. The statistical analyses were performed with the
JMP software program (version 9; SAS Institute, Inc, Cary, North
Carolina, United States). A value of p < 0.05 was considered to
indicate a statistically significant difference.

Results

Patient Characteristics and the Comparison between
Recurrence Group and Nonrecurrence Group

Out of 228, 182 (79.8%) patients were alive and 180 patients
were included in this study. A total of 11.6% (n = 21/180) CDH

patients had a recurrence during the course of the follow-up.
Out of 21, 20 CDH patients had reoperations and 1 patient -
have not operated during the follow-up period. Five patients
had a primary recurrence before the primary discharge. Three
patients had a second recurrence and all of them had repaired
by using an abdominal muscle flap procedure.

The postnatal characteristics of the CDH neonates are
shown in »Table 1, with comparison between the Rec and
Non-Rec. There were significant differences in the prenatal
diagnosis rate and the inborn rate (Rec vs. Non-Rec = 100 vs.
84.3%, p = 0.048 and 100 vs. 86.5%, p = 0.048, respectively).
There were no significant differences between two groups,
according to the rate of the male gender, nonisolated CDH,
right side hernia, and the use of ECMO. The use of ECMO was
only 4.8% (n = 1/21) in Rec and 5.7% (n = 9/159) in Non-Rec.
There were no differences in the gestational age, birth weight,
Apgar score at 1 minute, and the lowest Ol Other variable
which revealed significance was the iNO. These advanced
therapies are recognized as the useful instruments for the
persistent pulmonary hypertension, although their indica-
tions were not standardized in participants.

The perioperative characteristics of the CDH neonates are
shown in =Table 2. A total of 76.2% (n = 16/21) had liver
herniation in Rec and 30.2% (n = 48/159) in Non-Rec. Patch
repair was also significantly correlated to the recurrence with
22.1% (n = 15/21) in patch repair group, although 5.4%
(n =6/112) in direct repair group. Defect size was also
correlated to the recurrence with 28.6% (n = 14/49) had
larger defect (C and D) and 5.3% (n = 7/131) had smaller
defect (A and B). Liver herniation, patch repair, and the defect
size were valuables which were significantly associated with
the recurrence. As would be expected, the patients who had a
large defect are likely to involve the liver in thoracic cavity and
require the patch during the operation. Another significant
variable was the age at operation. The severity of disease
might affect the timing of operation; however, there also was

European Journal of Pediatric Surgery ~ Vol. 25 No. 1/2015
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Table 2 Preoperative characteristics, comparing the Rec and Non-Rec

‘Variables , ‘Rec(n=21) Non-Rec (n = 159) pvalue
Liver herniation (%) 16 (76.2) 48 (30.2) 0.0001
Patch repair at the primary operation eaa e o
Direct repair, n = 112 (%) 6 (5.4) 106 (94.6) 0.001
Patch repalr n= 68 (9’) 15 (22.1) 53 (77.9)
A and B.n— 31 (%) 7(5.3) 124 (94.7) < 0.001
Cand D, n = 49 (/) 14 (28.6) 35 (71.4)
Continuous variables S , e .
Age at repair (h), medxan (mterquartlle range) 101 (54.5-145.5) 50 (24-77) 0.025
Length of stay (d), mean + SD 86.2 + 53.7 84.1 +£123.8 0.939
Follow-up period (d), mean + SD 1,645.8 + 538.4 1,682.4 £ 594.5 0.787

Abbreviations: Non-Rec, nonrecurrence group; Rec, recurrence group; SD, standard deviation.

no definite standardization among participants. Also, the
technical and material aspects were also excluded because
of the absence of the standardized protocol. Actually, nine out
of seven institutions, including 139 patients used the PTFE
patch (GORE-TEX Soft Tissue Patch; W. L. Gore & Associates,
Inc., Arizona, United States), whereas one institution, includ-
ing 27 patients used polyester patch (Sauvage Filamentous
Fabric; C.R. Bard, Inc., New Jersey, United States) and the other
institution, including 14 patients used polypropylene and
PTFE composix mesh (COMPOSIX EX Mesh; CR. Bard, Inc.).
There were neither significant differences in the length of
hospital stay nor the follow-up period between these groups.

Analysis of Risk Factors and Prediction for Recurrence
A multivariate analysis was performed for all baseline vari-
ables which were significant in the univariate analysis for
recurrence. Baseline variables were considered as the pres-
ence of the prenatal diagnosis, inborn, male gender, non-
isolated CDH, right side hernia, gestational age, birth weight,
Apgar score at 1 minute, the lowest OI, liver herniation, patch
repair, defect size, and the length of stay. Other variables were
not included in the multivariate analysis because the postna-
tal treatment strategy was not standardized among the
cooperative institutions.

Univariate analysis in = ¥zbis 3 showed that liver hernia-
tion (crude odds ratio [OR], 7.4; 95% confidence interval [CI],
2.73-23.68), defect size Cand D (crude OR, 7.09; 95% C1, 2.73-

Table 2 Univariate analysis for the recurrence

19.99), and patch repair (crude OR, 5.00; 95% CI, 1.91-14.70)
were significant risk factors. Multivariate logistic regression
analysis in »Takie 4 showed liver herniation (adjusted OR,
3.96; 95% (I, 1.01-16.92) was the only significant risk factor
for the recurrence. Defect size C and D (adjusted OR, 3.79; 95%
Cl, 0.86-23.12) and patch repair (adjusted OR, 1.30; 95% (I,
0.24-8.83) had not showed significance. The Kaplan-Meier
analysis associated with the recurrence in »¥ig. T showed the
recurrence rate after 6 months, 1, and 2 years of the primary
operation. The each recurrence rate was higher in liver
herniation group, compared with the nonliver herniation
group (liver herniation vs. nonliver herniation = 6 months:
15.7 vs. 1.7%, 1 year: 18.9 vs. 4.4%, and 2 years: 25.4 vs. 4.4%).
Cox proportional hazards regression analyses showed signif-
icance in liver herniation (hazard ratio, 3.66; 95% CI, 1.03~
14.42; p = 0.045).

Discussion

As the survival rate for patients with CDH have increased
during the past decades with the advent of “gentle ventila-
tion” and specific strategy and care, clinicians has led to focus
on the frequency and importance of postoperative morbid-
ities."">® Significant morbidities such as the recurrence,
respiratory diseases, neurocognitive delay, gastrointestinal
disorders, hearing loss, poor growth, chest deformity, and the
complications associated with congenital anomalies continue

Tabie & Multiple logistic regression analysis for the recurrence

Downloaded by: IP-Proxy NAGOYA UNIVERSITY, Nagoya University. Copyrighted material.

Variables Crude 95% Cl -pvalue Variables Adjusted. | 95% Cl 1 p value
| odds ratio |- S : odds ratio :

Liver herniation 7.4 2.73-23.68 | 0.0002 Liver herniation 3.96 1.01-16.92 | 0.0483

Defect size Cand D | 7.09 2.73-19.99 | < 0.001 Defect size Cand D | 3.79 0.86-23.12 | 0.0796

Patch repair 5.00 1.91-14.70 | 0.0017 Patch repair 1.30 0.24-8.83 0.7666

Abbreviation: Cl, confidence interval.
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Fig. 1 The Kaplan-Meier analysis for the recurrence (n = 21). Cox
proportional hazards regression analyses showed significance in liver
herniation (hazard ratio, 3.66; 95% confidence interval, 1.03-14.42;
p = 0.045).

to affect the quality of life of many infants with CDH beyond
the neonatal period.L3 Recurrence is one of the most insidi-
ous complication during the follow-up. Reoperation will be
considered when the patients revealed herniation of the
stomach or intestinal loops, or progressing elevation of the
diaphragm over time. However, few systemic reviews of the
CDH patients with recurrence exist, and therefore, risk factors
for predicting the recurrence remains controversial,4-51"12
Most of the literatures associated with the recurrence were
small case series or the insufficient follow-up period with lack
of important data.*"%1"-12 In this survey, 180 CDH survivors
with more than 3-year follow-up period were collected, these
numbers and periods might be favorable.

The previously reported risk factors for the recurrence
were larger defect, prosthetic patch, surgeon’s skills or
experiences, ECMO, and minimally invasive surgery
(MIS).4-6:11-13 The risk factors for the recurrence might
be composed of two kinds of aspects: one is the severity of
the disease, and the other is the technical issue. Likewise, in
this study, baseline variables and univariate analysis
showed the significant differences in liver herniation, larg-
er defect, and patch repair. These three factors were con-
founding factors, which will certainly represent the
severity of the disease among CDH patients. Finally, multi-
ple logistic regression analysis showed the significance in
liver herniation. This result showed the correlation be-
tween diaphragmatic defects; otherwise, the disease se-
verity might be strongly associated with the recurrence. In
addition, the chronological recurrence rates between liver
herniation group and nonliver herniation group were pri-
marily sated as follows: the liver herniation group became
plateau to 25.4% at 2 years after the primary operation, and
nonliver herniation group become plateau to 4.4% at 1 year
after the primary operation. This statistical analysis would

be practical and helpful for the parental counseling and the
prognostic prediction.

In this study, no one was treated by MIS, 4 were treated via
a transthoracic approach, and 176 were treated via a trans-
abdominal approach. The surgical approach for CDH varies
regionally and the technical problems might exist, especially,
in the field of MIS. Although, a meta-analysis showed a
statistically higher recurrence rate in the thoracoscopic
group,’? the actual risk and benefit of MIS might need
more time to conclude because the MIS for CDH repair was
still not yet to be established at present.

The limitation of this study was the restriction in retrospec-
tive multicenter cohort study design. In this study, nine cooper-
ative institutions do not have the standardized protocol, and
hence, the indications for treatment were lack of consensus.
Therefore, the indication for iNO and the timing of operation
were different, in which these factors had to be excluded from
the univariate analysis in consideration for bias. Technical and
material aspects, such as the cone-shaped Dualmesh (W. L. Gore
& Associates, Inc., Arizona, United States) patch, or the PTFE/
Marlex composite graft were not also examined; nevertheless,
recent literature showed significances in recurrence rate.*%
These technical and material factors should be standardized
when we plan to perform the prospective study in future.

Two-thirds of CDH patients with recurrence were reported
to be asymptomatic at the time of diagnosis.® Late diagnosis
of recurrence sometimes leads patients to the risk of
bowel obstruction, respiratory failure, and the other serious
sequelae. Recent CDH follow-up protocol recommends the
periodic plain chest X-ray and the other additional complete
examinations when the recurrence are to be suspected.>®
Ideally, establishing an international, multicenter long-term
follow-up registry will be favorable to better understand the
incidence patterns of morbidity in CDH patients.

Awide spectrum of the disease severity and the rarity of the
disease mask the risk of the recurrence for CDH patients. This
study showed the only factor to predict the recurrence was the
liver herniation. These data will be helpful for providing
information for the long-term follow-up of the CDH patients.
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Abstract

This study aimed to investigate whether the administration
of mononuclear cells derived from human umbilical cord
blood cells (UCBCs) could ameliorate hypoxic-ischemic brain
injury in a neonatal rat model. The left carotid arteries of
7-day-old rats were ligated, and the rats were then exposed
to 8% oxygen for 60 min. Mononuclear cells derived from
UCBCs using the Ficoll-Hypaque technique were injected in-
traperitoneally 6 h after the insult (1.0 x 107 cells). Twenty-
four hours after the insult, the number of cells positive for
the oxidative stress markers 4-hydroxy-2-nonenal and nitro-
tyrosine, in the dentate gyrus of the hippocampus in the
UCBC-treated group, decreased by 36 and 42%, respectively,
compared with those in the control group. In addition, the
number of cells positive for the apoptosis markers active cas-
pase-3 and apoptosis-inducing factor decreased by 53 and

58%, respectively. The number of activated microglia (ED1-
positive cells) was 51% lower in the UCBC group compared
with the control group. In a gait analysis performed 2 weeks
after the insult, there were no significant differences among
the sham-operated, control and UCBC groups. An active
avoidance test using a shuttle box the following week also
revealed no significant differences among the groups. Nei-
ther the volumes of the hippocampi, corpus callosum and
cortices nor the numbers of neurons in the hippocampus
were different between the UCBC and control groups. In
summary, a single intraperitoneal injection of UCBC-derived
mononuclear cells 6 h after an ischemic insult was associated
with a transient reduction in numbers of apoptosis and oxi-
dative stress marker-positive cells, but it did not induce long-
term morphological or functional protection. Repeated ad-
ministration or a combination treatment may be required to
achieve sustained protection. © 2015 5. Karger AG, Basel
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Introduction

Perinatal hypoxia-ischemia (HI) remains an impor-
tant cause of neonatal death and permanent neurological
deficits [1]. Notwithstanding the developments made in
perinatal medicine, perinatal HI occurs in 1.3-1.7/1,000
live births; its incidence is high even in developed coun-
tries [2]. Many survivors of perinatal HI experience long-
term neurological disabilities and impairments resulting
in major socioeconomic burdens. At present, there are no
effective treatments for HI-induced brain damage, except
for brain hypothermia [3], which is not effective in severe
cases [4, 5]. Therefore, it is of the utmost importance to
develop a novel and effective therapy against perinatal
HI-induced brain injury.

Stem cell therapy is expected to be used in the treat-
ment of many central nervous system diseases in the fu-
ture. Various kinds of stem cells are possible sources of cell
therapy for future clinical applications [6, 7]. We recently
demonstrated that intracerebroventricular injection of
neural stem/progenitor cells together with chondroitinase
ABC - which digests glycosaminoglycan chains on chon-
droitin sulfate proteoglycans - significantly decreased the
degree of cerebral infarction after perinatal HI injury in a
rat model [8]. However, ethical concerns hinder the use of
postmortem human brains as a source of neural stem/pro-
genitor cells in future clinical applications. Furthermore,
intracerebral administration is an invasive procedure, and
the injected cells themselves may lead to gliotic changes in
the host brain [9], thereby necessitating more detailed ex-
aminations to ensure the safety of the procedure.

Umbilical cord blood cells (UCBCs) are a promising
source of stem cell therapy. They are readily available and
can be used for autologous transplantations. Thus, many
ethical considerations can be avoided. Furthermore,
UCBCs can be administered intravenously [10] and cross
the blood-brain barrier [11]. Meier et al. [12] first report-
ed the treatment effects of UCBCs in the amelioration of
HI-induced brain damage in a neonatal rat model; more-
over, several recent studies reported favorable effects of
UCBCs [13-18]. However, the mechanisms underlying
the favorable effects remain to be fully elucidated. In the
present study, we administered UCBCs to HI rats to in-
vestigate their effects and the underlying mechanisms.

Materials and Methods

Animals
All animal experimental protocols in the present study were
approved by the Institutional Review Board of Nagoya University

2 Dev Neurosci
DOI: 10.1159/000368396

School of Medicine (Nagoya, Aichi Prefecture, Japan; permit No.:
23181-2011 and 24337-2012). Wistar/ST rat pups were obtained
from Japan SLC Inc. (Shizuoka, Japan) and maintained under a
12-hour light/dark cycle (8.00 a.m. to 8.00 p.m.) with ad libitum
access to food and water. The animal room and experimental space
were always maintained at 23°C.

UCBC Preparation

Human UCBCs were donated by women who delivered at Na-
goya University Hospital. Written, informed consent was obtained
from the donors and their spouses, and this experimental protocol
using human cells was reviewed and approved by the local ethics
committee of our hospital (permit No.: 794). The donors underwent
normal delivery or elective cesarean section because of previous ce-
sarean section, breech position or cephalopelvic disproportion. The
donors and infants had no major perinatal complications; all were
singleton pregnancies of more than 36 weeks of gestational age.

Umbilical cord blood was collected immediately after placental
delivery in bags containing citrate phosphate dextrose (CBC-20;
Nipro Corporation, Osaka, Japan). Mononuclear cells were iso-
lated using the Ficoll-Hypaque technique, suspended in Roswell
Park Memorial Institute (RPMI) 1640 medium (Life Technolo-
gies, Carlsbad, Calif., USA) at a concentration of 1 x 107 cells/ml,
and cryopreserved in liquid nitrogen with an equal amount of a
cryoprotectant (CP-1; Kyokuto Pharmaceutical Industrial Co.
Ltd., Tokyo, Japan). CP-1 is a mixture of dimethylsulfoxide and
hydroxyethyl starch, which makes it possible to preserve stem cells
in a frozen state. Immediately before administration, the cells were
thawed to 37°C, washed 3 times with phosphate-buffered saline
(PBS) and resuspended in 0.3 ml of RPMI 1640 medium.

HI Insult and UCBC Administration

HI brain damage was produced using postnatal day 7 (P7) rats
according to the method of Rice et al. [19] with slight modifications.
Each pup was anesthetized using isoflurane inhalation and the left
carotid artery was subsequently doubly ligated and incised between
the ligatures. After a 1-hour rest with a dam, the pups were exposed
to a hypoxic environment of 8% O, at 37°C for 60 min, after which
they were returned to the dam in the animal room maintained at
23°C. Sixhourslater, the pupsin the treatment group (UCBC group)
were injected intraperitoneally with mononuclear cells derived from
UCBCs (1 x 107 cells/0.3 ml). A control group underwent ligation of
the left carotid artery and hypoxia in the same manner, but received
an equivalent volume of RPMI medium alone. The sham group un-
derwent neither left carotid artery ligation nor hypoxia.

Histological and Immunohistochemical Procedures

Histological and immunohistochemical procedures were per-
formed as previously described [20] with minor modifications.
Briefly, rats were deeply anesthetized and intracardially perfu-
sion-fixed with 0.9% NacCl followed by 4% paraformaldehyde in
PBS. The brains were removed and immersion-fixed in the same
solution at 4°C for 24 h, dehydrated with a graded series of etha-
nol and xylene, embedded in paraffin and cut into 5-pm-thick
coronal sections. After deparaffinization and rehydration, anti-
gen retrieval was performed by heating the sections for 10 min in
10 mM citrate buffer (pH 6.0). Nonspecific binding was blocked
with 3% donkey serum in PBS. Then, sections were incubated
overnight at 4°C with rabbit anti-active caspase-3 (product No.
559565; dilution 1:200; BD Pharmingen, Franklin Lakes, N.J.,
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USA), goat anti-apoptosis-inducing factor (AIF; product No. SC-
9416; dilution 1:100; Santa Cruz Biotechnology, Dallas, Tex.,
USA), rabbit anti-4-hydroxy-2-nonenal (4-HNE; product No.
HNE11-S; dilution 1:400; Alpha Diagnostic International, San
Antonio, Tex., USA), rabbit antinitrotyrosine (product No.
A-21285; dilution 1:200; Life Technologies; control samples are
shown in the online suppl. fig. 1; for all online suppl. material, see
www.karger.com/doi/10.1159/000368396), mouse anti-ED1 (ac-
tivated microglia marker; product No. MAB1435; dilution 1:300;
Merck Millipore), goat anti-neuronal nuclei (NeuN) antibody
(product No. MAB377; dilution 1:400; Merck Millipore) or rat
anti-myelin basic protein antibody (product No. MAB386; dilu-
tion 1:200; Merck Millipore) in PBS with 0.1% Triton. The sec-
tions were subsequently incubated with the appropriate biotinyl-
ated secondary antibodies (Vector Laboratories, Burlingame, Ca-
lif., USA) for 1 h at room temperature. Endogenous peroxidase
activity was blocked with 3% H,O, in PBS for 10 min and then
avidin-biotin-peroxidase complex (Vectastain ABC Elite kit; Vec-
tor Laboratories), followed by peroxidase detection for 10 min
(0.12 mg/ml 3,3'-diaminobenzidine, 0.01% H,0, and 0.04%
NiCly).

Cell Counting for Acute Injury Markers

Cells positive for active caspase-3, nuclear AIF, 4-HNE, nitro-
tyrosine and EDI1 were counted throughout the hippocampal
granule cell layer (GCL). In the section at the hippocampal level,
which is approximately —3.3 to ~3.6 mm posterior to the bregma
in the adult rat brain [21], the GCL was outlined under low mag-
nification (x100), and the area was measured. Further, the positive
cells were counted under high magnification (x400) using Stereo
Investigator version 10 stereology software (MicroBrightField
Europe EK, Magdeburg, Germany) and expressed as densities.

Behavioral Tests

Gait Analysis

To evaluate hemiparesis, the CatWalk® quantitative gait analy-
sis system (Noldus Information Technology, Wageningen, the
Netherlands) was used for gait assessment following experimental
stroke [22]. Briefly, we had the experimental rats run across a glass

walkway transversely and recorded the runs using a camera posi-

" tioned below. If an animal failed to complete a run within 5 s,
walked backwards or reared during the run, it was made to repeat
the process. Each rat ran 3 times, and the average was calculated.
The experiment was performed in the dark; the glass walkway was
illuminated with beams of light, thereby allowing the animals’
paws to reflect light as they touched the glass floor. An observer
labeled each paw on the recorded video to calculate paw-related
parameters. The gait-related parameters measured using the
CatWalk system were the following: run duration, time duration
of entire run; print area, area of paw print; stride length, distance
the paw traveled from one step to the next; swing speed, the stride
length divided by the duration of one stride length; mean intensity,
the mean intensity of each paw in the run (the intensity is propor-
tional to the load on the paw); duty cycle, percentage of time the
paw accounted for the total step cycle of that paw.

Active Avoidance Test

The active avoidance test was performed according to the
methods of Ichinohashi et al. [23] using the same equipment. For
4 consecutive days, each rat underwent 20 sessions of the active

UCBCs Transiently Decreased HI Brain
Injury in Neonatal Rats

avoidance test each day. The test was conducted in an automated
shuttle box (Med Associates Inc., St. Albans, Vt., USA) subdivided
into 2 compartments with independently electrified stainless steel
bars as a floor. One session consisted of a buzzer tone and stimula-
tion with light (conditioning stimulus), and an electric shock (un-
conditioned stimulus). The conditioning stimulus was continued
for 5 s, as was the subsequent unconditioned stimulus with a pos-
itive half-wave constant current of 0.5 mA. When the conditioning
stimulus occurred, the rat had to escape to the other side of the
shuttle box to turn it off and avoid the unconditioned one. The
average interval time between each trial was 30 s (range, 10-90 s).
The parameters were analyzed using the MED-PC IV program
(Med Associates Inc.). Each day, we evaluated the avoidance pro-
portion, i.e. the number of sessions in which the rat successfully
avoided the unconditioned stimulus.

Volume Measurement and Stereological Cell Counting

After the behavior tests, the rats were deeply anesthetized, in-
tracardially perfusion fixed, and had their brains removed. To
evaluate the whole cortex, corpus callosum and hippocampus, ev-
ery 150th section from the whole cerebrum and corpus callosum
(typically 17 sections) and every 75th section from the hippocam-
pus level (typically 6 sections) were stained using goat anti-NeuN
antibody for cortex and hippocampus, or anti-myelin basic protein
antibody for the corpus callosum. The bilateral cortex, hippocam-
pus (NeuN-positive areas) and corpus callosum of each section
were outlined, and the areas of each were measured using Stereo
Investigator. The volumes of the bilateral cortex and hippocampus
were calculated from the NeuN-positive areas according to the
Cavalieri principle using the following formula: V=XA x P x T,
where V = the total volume, ZA = the sum of area measurements,
P = the inverse of the sampling fraction, and T = the section thick-
ness [20]. The numbers of NeuN-positive cells were counted in the
whole GCL, including the subgranular zone, of the hippocampus
using unbiased stereological counting techniques. After outlining
the borders of the GCL, the computer program overlays the out-
lined area with a grid system of counting frames. Cells within these
frames as well as those touching 2 out of 4 predetermined sides of
the frames were counted.

Statistical Analysis

All data are presented as mean + standard error of the mean. A
2-sample Student’s t test was used to compare the two groups in
figure 2. The Steel-Dwass test as nonparametric multiple compar-
ison procedure was used to compare the three groups in figures 3
and 4. A p value <0.05 was considered statistically significant.

Results

Impact of UCBCs on Expression of Acute Injury

Markers after HI

P7 rats were subjected to HI, and 6 h later, they were
administered cryopreserved, thawed and washed mono-
nuclear cells isolated from the UCBCs or vehicle. We
examined various acute injury biomarkers 24 h after HI:
apoptosis markers (active caspase-3 and AIF), oxidative
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Fig. 1. Photomicrographs of the hippocam-
pus stained for acute injury markers. Rep-
resentative photomicrographs of the den-
tate gyrus of the hippocampus 24 h after HI a
insult. The sections from vehicle-treated -
rats (vehicle) and UCBC-treated rats
(UCBC) were stained for active caspase-3
(@), AIF (b), 4-HNE (c), nitrotyrosine (d) e
and ED1 (e). Bar = 100 pm. Insets show
higher magnifications.

stress markers (4-HNE and nitrotyrosine) and an acti-
vated microglia marker (ED1). Photomicrographs of
representative hippocampi are shown in figure 1. The
number of the apoptosis marker-positive cells in the ip-
silateral GCL significantly decreased in the UCBC group
compared with those in the control group (activated
caspase-3, 53%, and AIF, 58%; fig. 2a,b; p< 0.05and p <

4 Dev Neurosci
DOI: 10.1159/000368396

0.01, respectively). The numbers of oxidative stress
marker-positive cells also decreased in the UCBC group
compared with the control group (4-HNE, 36%, and ni-
trotyrosine, 42%; fig. 2c, d; p < 0.05). Moreover, the
number of ED1-positive cells was 51% lower in the
UCBC group compared with the control group (fig. 2e;
p < 0.05).
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Fig. 2. Impact of UCBCs on apoptosis, oxidative stress and activa-
tion of microglia. The numbers of various marker-positive cells in
figure 1 were counted. The numbers of active caspase-3-positive
(a) and AIF-positive cells (b) in the ipsilateral GCL were signifi-
cantly lower in the UCBC group (n = 11) than in the vehicle group

Impact of UCBCs on Behavior after HI

Gait Analysis

To evaluate the effect of HI on motor function and of
UCBC administration on HI-induced motor deficits, gait
analysis was performed 14 days after the insult (P21) us-
ing the CatWalk system. There were no significant differ-
ences in run duration, right front paw (RF) print area, RF
swing speed, RF/left front paw (LF) ratio of mean inten-
sity, RF duty cycle or RF stride length among the three
groups (sham-operated, control and UCBC groups;
fig. 3).

Active Avoidance Test

Further, to evaluate the effects of UCBCs on HI-in-
duced learning impairments, an active avoidance test was
performed 21-24 days after the insult (P28-31). The
mean avoidance proportion of each group was calculated

UCBCs Transiently Decreased HI Brain
Injury in Neonatal Rats

(n =12). The numbers of both 4-HNE- (c) and nitrotyrosine-pos-
itive cells (d) were also significantly lower in the UCBC group. The
number of ED1-positive cells (e) was significantly decreased in the
UCBC group. Data are presented as means =* standard error of the
mean. * p <0.05, " p <0.01.

for each consecutive day (fig. 4). The avoidance rates in-
creased with time in all groups; however, there were no
significant differences among the three groups for each
day.

Impact of UCBCs on Histological Changes after HI

Finally, to assess the absolute tissue loss after HI, the
volumes of the cortex, corpus callosum and hippocampus
of both hemispheres were evaluated. After the behavioral
tests, sections throughout the whole cerebrum were eval-
uated.

Representative photomicrographs stained for NeuN
are shown in figure 5a and b. In both groups, there was
apparent unilateral atrophy with partial collapse. We
evaluated the volumes of the cortex (fig. 5¢), corpus cal-
losum (fig. 5d) or hippocampus (fig. 5¢), but found no
significant differences in the volumes between the groups.
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insult. Each parameter was compared among the groups. There
was no significant difference in run duration (a), RF print area (b),
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Fig. 4. Active avoidance test. The active avoidance was performed
21-24 days after insult (P28-31). Each rat underwent 20 sessions
every day, and the mean avoidance proportion was calculated for
each group. The avoidance proportions increased with time in all
groups. There was no significant difference in avoidance propor-
tions among the groups on any day. Open squares and dashed line:
sham-operated, n = 4; open circles and dotted line: vehicle, n = 8;
closed circles and solid line: UCBC, n = 6.
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RF swing speed (c), RE/LF ratio of mean intensity (d), RF duty
cycle (e) or RF stride length (f) among the three groups (sham-
operated, n = 6; vehicle, n = 8; UCBC, n = 6).

Therefore, we examined whether there was a difference
in the number of neurons between the groups, even
though the volume reductions were equivalent. The num-
bers of NeuN-positive neurons in the hippocampus were
counted using stereological principles (Stereo Investiga-
tor, MicroBrightField) but they were not significantly dif-
ferent between the groups in the hippocampus of either
the ipsilateral or contralateral hemisphere (fig. 5f).

Discussion

In the present study, we demonstrated that intraperi-
toneal UCBC administration caused antiapoptotic and
antioxidative effects 24 h after the insults; however, we
failed to demonstrate a prolonged reduction of neuro-
logical damage. We administered UCBCs in the early
phase (6 h after HI). The optimal timing of administra-
tion is one of the most critical points to establish a new
cell therapy. In regenerative medicine using stem cells,
grafting in the early postinjury phase is generally not rec-
ommended. In neural stem/progenitor cell transplanta-
tion, early grafting in the acute phase (i.e. 24 h after in-
sult), during which inflammatory chemical mediator and
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