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Abstract Preterm twins have a higher morbidity rate of
patent ductus arteriosus (PDA) than do singletons. How-
ever, the effect of multiple births on maturation of the
ductus arteriosus (DA) has not been reported. Because
intimal thickening (IT) is required for DA anatomical
closure, we examined IT development in the DA of pre-
term twins and singletons. Sheep DA tissues obtained from
preterm fetuses were subjected to elastica van Gieson
staining to evaluate IT. The total IT score in each DA was
the sum of the IT scores obtained from six evenly divided
parts of the DA, which was positively correlated with
gestational ages in singletons. Total IT scores were smaller
in preterm twins than in singletons, although no difference
in gestational age, birth weight, or gender ratio was
observed. These data suggest that IT development of the
DA is attenuated in sheep preterm twins, which may affect
the higher morbidity of PDA.
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Introduction

The ductus arteriosus (DA) is an arterial shunt connecting
the pulmonary artery and the aorta. Although the DA is
necessary for maintaining fetal circulation, persistent
patent DA (PDA) after birth causes systemic hypo-perfu-
sion and pulmonary congestion, and thus affects morbidity
and mortality in newborns [1-3]. Very preterm infants
frequently suffer from PDA, and more than 60% of
extremely preterm infants (<28 weeks gestation) exhibit
PDA [4].

Recent studies have suggested that preterm multiple
births have a higher ratio of morbidity and mortality
than preterm singletons [5, 6]. Specifically, some studies
comparing the clinical outcome of singleton and multiple
births have demonstrated that multiple births carry a
higher risk for PDA [7, 8]. Kirkby et al. examined a total
of 5507 infants including singletons, twins, and higher-
order multiples and found that multiples had higher rates
of PDA than singletons did [7]. Nielsen et al. reported
that infants of multiple births from 27 to 29 weeks
gestation were more likely to have PDA [8]. Although
some studies have demonstrated no association between
PDA and multiple births [9, 10], a European population-
based cohort study also recently demonstrated that a
high risk of PDA treatment was associated with multiple
births in preterm infants born at 24-31 weeks of gesta-
tion [11].

Closure of the DA requires two mechanisms: functional
closure induced by postnatal muscle contraction and
anatomical closure achieved via morphological remodeling
[1, 2]. Morphological DA remodeling normally starts even
before 22 weeks of gestation and continues to develop
throughout the fetal period [1]. DA remodeling is associ-
ated with intimal thickening (IT) formation, which is
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characterized by duplication and/or interruption of internal
elastic lamina, deposition of extracellular matrix in the
subendothelial region, and migration of medial smooth
muscle cells (SMCs) into the subendothelial space [1]. We
therefore hypothesized that morphological DA remodeling
was attenuated in multiple births.

To investigate whether multiple births affect morpho-
logical DA remodeling, we chose sheep because they are a
valuable model for comparative studies between twins and
singletons. Sheep usually have one or two offspring per
pregnancy in contrast to other animal models, which often
have litters.

Materials and methods
Animals and materials

DA tissues of preterm sheep fetuses (term age: 147 days)
were obtained at Tohoku University School of Medicine.
To compare DA remodeling in preterm singletons and
twins, we utilized DA tissues of singletons (gestational
age: 103-117; n=8) and twins (gestational age:
103-112; n = 4) who underwent an operation to connect
an artificial placenta system [12, 13] because it provided
a more efficient use of resources. Physiological condi-
tions were stably maintained during 59-72 h in all pre-
term sheep fetuses used in this study [12, 13]. We used
blood from the respective maternal sheep for the extra-
corporeal circulation device. We administrated lipo-
prostaglandin E1 (10-20 ng/kg/min) and milrinone
(0.5 ng/kg/min) to both groups to maintain physiological
circulatory condition and tissue homeostasis during the
use of an artificial placenta system [12, 13]. Laminar
flow of right-to-left shunting via the DA was detected by
Doppler echocardiography in all preterm sheep. Two-
way ANOVA analysis showed no difference in blood
pressure during the experiment between singletons and
twins (range of average blood pressure from O to 48 h
under the artificial placenta system: 41.4-48.2 vs.
37.2-48.1 mmHg, respectively). There was no difference
in the duration for connecting the artificial placenta
system in fetuses of singletons and twins (65.1 £ 4.8 vs.
64.8 £ 6.3 h, p =1.00). To define the stages of IT
formation, we used fetuses at 82, 100, and 147 days
gestation, in addition to the preterm sheep as described
above.

This study was conducted with the approval of the
institutional animal care and use committees of the Tohoku
University School of Medicine (reference number: 2013
MdA-008, 2014MdA-219, 2015MdA-209). Characteristics
of preterm sheep singletons and twins are shown in
Table 1.
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Table 1 Characteristics of the two groups

Variables Singleton (n = 8) Twin (n =4) P value
Gestational age (days) 106 £ 6.02 106 + 4.27 0.525
Birth weight (kg) 1.59 + 0.55 1.16 £ 0.29  0.202
Male (%) 4 (50%) 2 (50%) 1.000

Continuous variables are expressed as mean + SD, and were statis-
tically analyzed between the two groups using Mann—Whitney U test.
Categorical variables are shown as the number of positive cases, with
the percentages indicated in parentheses, and were statistically ana-
lyzed using Fisher’s exact test. There were no significant differences
in the scores on any of the items between the two groups

Tissue staining

The mid portions between the pulmonary artery and the
aorta of sheep DA tissues were used for histological
analysis. Paraffin-embedded tissue sections were subjected
to elastica van Gieson staining (Muto Pure Chemicals,
Tokyo, Japan), as previously described [16, 23]. Each
sample image was obtained using BIOREVO bz-9000
(KEYENCE, Osaka, Japan).

Evaluation of IT development in sheep DA

We defined the developmental stages of IT formation in
sheep DA using singleton sheep fetuses at 82—-147 days of
gestation as follows (Fig. 1): stage O (score 0), internal
elastic laminae are continuously aligned between
endothelial cells and SMCs, and no intimal thickening is
observed; stage 1 (score 1), duplication or partial disruption
of internal elastic laminae are observed, and a few SMCs
have migrated into the subendothelial region; stage 2 (score
2), internal elastic laminae are obviously disrupted and
intimal thickening consisting of SMCs are readily recog-
nized; stage 3 (score 3), internal elastic laminae are
extremely disrupted and a substantial number of SMCs
have migrated into the luminal region.

Each DA tissue section was evenly divided into six
parts, and an individual IT score was determined for all six
parts. The total IT score of each DA was the sum of the IT
scores for each of the parts (maximum score: 18).

Statistical analysis

In the analysis of sheep characteristics, continuous variables
are expressed as mean + SD, and were analyzed by Mann—
Whitney U test. Categorical variables were analyzed using
Fisher’s exact test. Spearman’s rank correlation coefficient
was used to test the association between IT scores and
gestational ages. The difference in IT formation between
singletons and twins was analyzed using Mann—Whitney
U test. A value of p < 0.05 was considered significant.
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Fig. 1 Staging of IT in sheep
DA. The left column
demonstrates the elastica van
Gieson staining of singleton
sheep fetuses. All parts of the
DA of sheep at 82 days
gestation exhibited a single
internal elastic lamina and no IT
formation (stage 0). The DA of
sheep at 100 days gestation
contained a part showing the
duplication or partial disruption
of internal elastic laminae with
very modest IT formation (stage
1). The DA of sheep at 103 days
gestation showed modest IT
formation accompanied by
apparent SMC migration (stage
2). All parts of the DA at

147 days gestation exhibited
prominent IT formation (score
3). The right panels show
schematic models
corresponding to histological
changes in each stage. IEL
internal elastic lamina, TM
tunica media, IT intimal
thickening. Scale bars 100 pm

Stage 0

€ €€ S«

Results

Time-dependent IT development in preterm
singleton sheep

To investigate whether IT formation is attenuated in pre-
term twins, we analyzed sheep DA of preterm singletons
and twins, in which no significant difference in gestational
age, birth weight, or gender ratio was observed between
these two groups (Table 1). Table 2 showed IT scores of

<@ Endothelial cell
< Smooth muscle cell
~ Elastic fiber

preterm sheep singletons and twins. All DA tissues were
sampled as short-axis slices from the central portions
between the pulmonary artery and the aorta. The most
prominent IT area of each section was defined as area 1,
and subsequent areas were analyzed in the circumferential
direction.

Representative histological images of DA tissues from
singleton are shown in Fig. 2a. In preterm singletons, IT
score was correlated with gestational age (Fig. 2b), which
appears to correspond to histological studies of human DA

@ Springer



726

J Physiol Sci (2017) 67:723-729

Table 2 Intimal thickening

score in sheep fetuses Sheep no. Day of gestation Intimal thickening score
Areal Area2 Area3 Area4 Area5 Area6 Total
Singleton 1 117 3 3 3 3 2 2 16
2 113 3 3 2 1 1 2 12
3 103 2 2 2 2 1 1 10
4 103 3 2 2 2 1 1 11
5 103 2 2 2 2 2 1 11
6 103 1 1 1 1 1 1 6
7 101 1 1 1 1 1 1 6
8 101 2 1 1 1 1 1 7
Twin 1 112 1 1 1 1 1 1 6
2 107 1 1 1 1 1 1 6
3 103 2 2 1 0 0 0 5
4 103 1 1 1 1 1 1 6

This table contains all of the raw data from sheep DA tissues

[14-16]. These data suggest that IT formation develops
time-dependently in preterm singleton sheep as in humans
[1, 14-16].

IT formation in the DA was attenuated in preterm
twin sheep

An association of total IT score with gestational age was
unable to be detected in preterm twins when we analyzed
four fetuses at 103—112 days gestation (Fig. 2b). Total IT
scores in the preterm twin group were significantly lower
than those in the singleton group (5.8 & 0.5 vs. 9.9 + 3.4,
p = 0.03). Although we examined only the central portion
of the DA, these data suggest that preterm twins have
impaired IT formation in the DA compared to that of
singletons.

Discussion

In the present study, histological analysis revealed that the
beginning of IT formation in sheep DA was detectable at
around 100 days of gestation, and IT continued to develop
toward the late gestation period. These processes were
attenuated in preterm twin sheep compared to singletons,
making ours the first study demonstrating the difference in
DA remodeling between singletons and twins.

The extensive morphological remodeling of the human
DA wall, i.e., IT formation, that begins during mid-gesta-
tion leads to the permanent closure of the DA after birth
[1, 16-19]. This DA-specific histological change has also
been reported in other mammalians including sheep
[20, 21], dogs [22], and rodents [23-25]. In this study, we
analyzed IT developmental change via a grading score and
found in the DA of sheep singletons that duplication and
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interruption of the internal elastic laminae are readily
observed at 101 days of gestation. Migration of SMCs into
the subendothelial region occurred at 103 days of gesta-
tion, and thicker IT formation was detectable after
113 days of gestation. We were unable to determine the
exact time course of IT formation because our data contain
a smaller sample number and there were gaps between the
gestational ages examined. However, these data suggested
that sheep DA exhibited modest but similar IT formation
process to human DA, at least in singletons.

Our previous reports suggest that prostaglandin E2
(PGE,) promotes SMC migration through EP4 receptor
signaling pathways including protein kinase A, phospho-
lipase C, and exchange protein activated by cyclic AMP
(Epac), which leads to IT formation in the DA
[1, 2, 23, 24, 26, 27]. As in humans, plasma PGE, con-
centrations in sheep increase progressively in the fetal
circulation toward term [28], and PGE,-EP4 signaling
contributes to vascular tone of the DA [29, 30]. The present
study demonstrated that IT development progressed
between 103 and 117 days of gestation. It has been
reported in sheep that fetal plasma PGE, concentration was
1.90 £ 0.23 nmol/l at 75 to 95 days gestation and
increased after 95 days gestation to exceed 11.7 nmol/l by
125 days gestation [28]. These changes in plasma PGE,
concentration in sheep seem to correspond to the time-
course of IT development. As in humans, it has been
reported that EP4 is a primary receptor among PGE
receptors in sheep DA [30, 31]. PGE,-EP4 signaling may
play a role in IT formation as well as vascular tone in
sheep.

We demonstrated that IT formation was less developed
in preterm twin sheep. We do not have DA samples of
near-term twins with artificial placenta. However, our
preliminary data of two samples of near-term twins
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Fig. 2 IT formation in the DA a
in preterm sheep singletons and

Singleton (day 103)

Twin (day 103) 181 -e~ Singleton

twins. a Representative DA
images of elastica van Gieson
staining in a preterm singleton
and a twin. The IT score in each
tissue section is indicated in the
top left of each image. Scale
bars 100 pm. b Correlation
between total IT score and
gestational age in singletons

(n = 8, Spearman r = 0.827,

p = 0.015) and twins (n = 4,
Spearman r = 0.544,

p =0417)

without connecting artificial placenta exhibited marked IT
formation (day 141: score 12, and day 146: score 18)
(data not shown). These data suggest that IT development
in the DA of sheep preterm twins advances late. We
currently do not know the cause of poorly developed IT
in preterm twins. Some studies in sheep have indicated
that the basal function of the hypothalamic—pituitary—
adrenal (HPA) axis is blunted in twin fetuses, marked by
lower levels of fetal plasma adrenocorticotropic hormone
(ACTH) and cortisol [32, 33]. Edwards et al. demon-
strated that basal levels of ACTH and cortisol plasma
concentrations were lower in sheep twins than in single-
tons at 115-146 days and 127-146 days gestation,
respectively [32]. Adrenocortical responsiveness as well
as basal adrenocortical function is blunted in the twins
relative to the singletons [33]. Gardner et al. reported that
fetal plasma concentration of cortisol in response to acute
hypoxaemia and to exogenous ACTH were blunted in
twins relative to singletons [33].

169 = Twin 4

Total IT score
o8

6 :2__&—&

1 1
95 100 105 110 115 120
Day of gestation

It has been recognized that PGE, activates the HPA axis
[34, 35]. It was reported that PGE,; infusion into the sheep
fetus caused a pronounced increase in plasma ACTH [34-37].
The fetal infusion of PGE, also increased plasma concentra-
tion of cortisol irrespective of ACTH [36, 37]. Furthermore,
increased cortisol output during pregnancy regulates expres-
sion of prostaglandin synthase type 2 (PGHS-2) in the pla-
centa, resulting in increased PGE, in the fetal circulation [38].
However, based on the evidence of blunted ACTH and cor-
tisol levels in twins, PGE, plasma concentration may be
maintained at a lower level and may affect IT formation.

Another line of studies further demonstrated the differ-
ence between twins and singletons. Sheep preterm twins had
a lower plasma insulin concentration than singletons did
[39]. Philipps et al. showed that the inhibition of PGE,
production by the administration of indomethacin to a fetal
lamb blocked the release of insulin from the fetal pancreas in
response to a glucose challenge [40, 41], suggesting that
PGE; plays a role in fetal insulin production. These data also
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imply the possibility that plasma concentration of PGE,,
which induces IT formation, may be lower in twins. To the
best of our knowledge, there is currently no report showing
the difference in plasma PGE, plasma concentration and
EP4 expression between preterm singletons and twins.
Further study is required to clarify associations between
PGE,-EP4 signaling and IT formation in multiple birth.
There are several limitations to this study. Because we
utilized the DA from the experiment involving artificial
placenta to make a more efficient use of resources, we were
unable to exclude the effect of surgical manipulation.
Additionally, we had a smaller number of twins and twins
showed a trend to be lighter in body weight. Furthermore,
twining is relatively common in sheep, with the majority
being dizygotic. Therefore, each fetus has its own distinct
placenta and placental vasculature, i.e., a diamnionic-di-
chorionic (DD) twin, which differs from the characteristics
of human multiple pregnancies. Therefore, these results
cannot simply be extrapolated to humans. However, further
exploration of the differences between twin and singleton
pregnancies, i.e., the contribution of PGE,, may help to
explain the higher morbidity of PDA multiple births.
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