Fig. 1. Frontal cuts of the fetal and neonatal DA in the near-term
rat on D21. a Control fetus without medication. The ductus was
open. b Control neonate 60 min after birth. The ductus was clos-
ing. ¢ The fetus exposed to indomethacin on D19 and D20. The
ductus was dilated. d The neonate exposed to indomethacin on
D19 and D20, 60 min after birth. The ductus was constricted
mildly. AoA = Aortic arch; DA = ductus arteriosus; LPA = left
pulmonary artery.

varying between 70 and 85% [4, 5]. In obstetrics, indo-
methacin is used for tocolysis [6]. Early in utero exposure
to indomethacin is known clinically to increase the inci-
dence of PDA and reduce the ductal sensitivity to indo-
methacin in premature babies [7-9]. Experimentally, the
same effects of indomethacin and other inhibitors of
COX have been previously identified [10-12]. Many clin-
ical questions concerning this problem remain unsolved.
For example, what dose of prenatal indomethacin is nec-
essary to induce appreciable delay of neonatal ductus clo-
sure? There are many COX inhibitors [13-15] other than
indomethacin, and these are used as analgesics and anti-
pyretics. Do these COX inhibitors also delay neonatal
closure of the ductus arteriosus (DA)? Is the delay in-
duced by decreased prostaglandins and a decreased stim-
ulus of the EP, receptor [16] in DA? Is the delay related to
fetal DA constriction and ischemia of the fetal DA tissue
[12]? To answer these questions, animal disease models
may be helpful, and as a consequence, we decided to per-
form the following study in the rat.
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Methods

Animals

Virgin Wistar rats were obtained and maintained in an envi-
ronmentally controlled room, acclimatized to a 12/12-hour dark/
light cycle, and sustained on commercial solid food and tap water
ad libitum. Treatment conformed to the guiding principles of the
American Physiological Society. The experiments were approved
by the Ethical Committee of Animal Experiments of our institute.
The rats (pregnancy period 21.5 days) were mated overnight from
17.00 to 09.00 h; the presence of sperm in vaginal smears was con-
firmed as day 0 of pregnancy. We studied near-term fetuses and
neonates on the 21st gestation day (D21). The fetuses were fixed
by whole-body freezing, following atlas dislocation of the mother
rat and immediate cesarean section, with an intact umbilical
cord. In studies of the neonatal rat, following atlas dislocation and
immediate cesarean section of the mother, newborn pups were
incubated in room air at 33°C for 15-180 min until freezing.

Measurements

To study the in situ morphology and inner diameter of the fe-
tal and neonatal DA, a rapid whole-body freezing method was
used as described in earlier studies [17, 18]. This method was es-
tablished to study in situ morphology of the DA in experimental
animals [17]. Briefly, fetuses and neonates were frozen in acetone
cooled to —-80°C by dry ice. The body weight of the frozen fetus
and neonate was measured. The frozen thorax was cut on a freez-
ing microtome (Komatsu Solidate Co. Ltd., Tokyo, Japan) in the
frontal plane, and the inner diameters of the ascending aorta,
main pulmonary artery and DA were measured every 100 pm
with a microscope (Nikon Binocular Stereoscopic Microscope;
Nihon Kogaku Co., Tokyo, Japan) and a micrometer (Nikon Ocu-
lar Micrometer; Nihon Kogaku Co; fig. 1). The narrowest DA di-
ameter was used as the indicator of constriction.

The plasma indomethacin concentration (PIC) of the mother
and neonates in studies E, F, G, H, M, P in table 1 was measured
as follows. Immediately after cesarean section, maternal blood
was drawn by cardiac puncture with a heparinized syringe. Fol-
lowing cesarean section, the neonates were incubated at 33°C,
and heparin (400 U/kg, in 0.02 ml) was injected intraperitoneally.
One sample of neonatal blood was collected from 10 to 14 litter-
mates by making a deep cut in the neck 30 min after birth. Plasma
was separated by centrifugation and frozen until the measure-
ment of indomethacin. The PIC was determined by high-perfor-
mance liquid chromatography with ultraviolet detection [19].

Drugs

Indomethacin (Sigma Chemical, St. Louis, Mo., USA) in addi-
tion to other drugs was diluted with lactose, suspended in 1 ml of
water, and administered through an orogastric tube to the moth-
er at 09.00 h. L-NAME (Sigma Chemical), a nitric oxide synthase
(NOS) inhibitor was dissolved with 1 ml of physiologic saline and
injected subcutaneously.

Protocol

In the rat, the embryonic stage ends at D14 and the fetal stage
extends from D15 to D21.5 [20]. In the fetal stage of the rat, the
sensitivity of the DA to constrict in response to indomethacin ad-
ministered to the mother changes from mildly sensitive on D19
and D20 to very sensitive on D21 [21]. As a consequence, near-
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term fetal and neonatal studies were performed following cesar-
ean section at 13.00 h on D21. DA constriction and the inner di-
ameters were studied using 8-12 fetuses and neonates from 4 to 5
litters at each dose and time on D21. We measured the neonatal
ductal diameter at 15, 30, 60, 120 and 180 min after birth.

Control

Two control groups were used to study ductal diameter changes.
In control group 1, lactose (0.2 gm in 1 ml water) was administered
through an orogastric tube to the pregnant rat on D19 and D20, and
fetuses and neonates were studied on D21. The results in control
group 1 were compared with the results in experimental groups
with indomethacin and other drugs, except those with indometha-
cin administered on D21. In control group 2, lactose was adminis-
tered through an orogastric tube to the pregnant rat on D21, and
fetuses and neonates were studied 4 h later. The results in control
group 2 were compared with the results in experimental groups
with indomethacin administered on D21 (studies G, M, P).

Timing Study with a Large, Single Dose of Indomethacin

The effects of indomethacin (10 mg/kg) with variable timing
to fetal and postnatal DA were studied by orogastric administra-
tion of indomethacin 10 mg/kg (single dose) on D16-D21 (5 to 0
days before birth). Indomethacin was administered at 09.00 h
each day, and the ductus was studied following cesarean section
at 13.00 h on D21 (table 1, studies B-G).

Dose Study on D19 and D21

In addition to a large dose (10 mg/kg), the fetal and postnatal
DA effects of moderate and small doses of indomethacin (1 and 0.1
mg/kg) were studied, following administration of 1 of these doses
of indomethacin on D19 or D21 (-4 h; table 1, studies K, M, N, P).

Multiple Doses of Indomethacin

To see the effects of multiple doses of 10 mg/kg of indometha-
cin, the rats who had recieved 2-3 doses on D18-D21 were studied
(table 1, studies H-]), and the results were compared with the con-
trol (no early treatment) and rats given a single dose of indometh-
acin 10 mg/kg on D19. The effects of moderate and small doses
(1 and 0.1 mg/kg) of indomethacin on D19 and D20 were studied
(table 1, studies L, O).

Nonselective COX Inhibitors

In addition to indomethacin, the fetal and postnatal DA effects
of ibuprofen (100 mg/kg; Kaken Pharma, Tokyo, Japan) and aspirin
(100 mg/kg; Bayer, New York, N.Y., USA) were studied following
orogastric administration of 2 doses, on D19 and D20, to the moth-
er by studying the ductus on D21 (table 1, studies Q, R).

Selective COX inhibitors

The fetal and postnatal DA effects of SC 560 (10 mg/kg, a se-
lective COX1 inhibitor; Taisho Pharma, Tokyo, Japan) and rofe-
coxib (10 mg/kg, a selective COX2 inhibitor; Merck, Readington
Township, N.J., USA) were studied following orogastric adminis-
tration of 2 doses on D19 and D20 to the mother by studying the
ductus on D21 (table 1, studies S, T).

Prostanoid EP, Receptor Antagonist
The fetal and postnatal DA effects of ONO-AE3-208 (10 mg/
kg, a prostanoid EP, receptor antagonist; Ono Pharma, Osaka,

Indomethacin and Delayed Ductus
Closure

Table 1. Protocols of administration of drug to the pregnant rat
as well as study of neonatal ductal closure and blood indometh-
acin concentration

A: control 180
B: indomethacin 10 120
C: indomethacin 10 120
D: indomethacin 10 120
E: indomethacin 10 180 +
F: indomethacin 10 180 +
G: indomethacin 10 30 +
H: indomethacin 10 10 180 +
I: indomethacin 10 10 10 180 +
J: indomethacin : 10 10 10 180 +
K: indomethacin 1 120
L: indomethacin 1 1 120
M: indomethacin 1 120 +
N: indomethacin 0.1 120
O: indomethacin 0.1 0.1 120
P: indomethacin 0.1 120 +
Q: aspirin 100 100 120
R: ibuprofen 100 100 120
S: SC560 10 10 120
T: rofecoxib 10 10 120
U: ONO-AE3-208 10 10 120
V:L.-NAME 30 30 120

Japan) was studied following orogastric administration of 2 doses
on D19 and D20 to the mother and studying the ductus on D21
(table 1, study U).

Fetal Ductal Constriction with L-NAME .

L-NAME inhibits NOS, and induces severe fetal ductal con-
striction in preterm rat transplacentally on D19 and D20 [21]. To
see the effects of severe fetal ductal constriction without inhibi-
tion of COX, L-NAME (30 mg/kg) was injected subcutaneously
into the mother on D19 and D20, and fetal and neonatal ductus
were studied on D21 (table 1V).

DA Closure Index

To show the closure speed of the neonatal DA, the DA closure
index (DACI) was calculated as follows: the closure speed of the
neonatal ductus was inversely related to the area under the ductus
diameter curve (fig. 2a). The DACI was defined as the area under
the ductus diameter curve, and is expressed as the ratio to the area
of the control. For example, in figure 2a, the neonatal ductal clo-
sure was much delayed following a large dose of indomethacin (10
mg/kg) on D19 (study E), the area under the ductus diameter
curve was 4 times larger than the area under the control ductus
diameter curve (study A) and the DACI was 4.0, indicating a 4-
fold delay in closure.
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Fig. 2. In utero exposure to indomethacin (10 mg/kg, per os) and
postnatal ductal closure of near-term rats. Data are means * SD.
Figures in parentheses are numbers of animals. * p <0.05 vs. con-
trol. a Ductal diameters in those neonatal rats without drugs
(study A: control 1 and control 2) and in those with maternal ad-
ministration of indomethacin (10 mg/kg) on 1 day before or 4 h
before birth (studies F, G). b Ductal diameters in those neonatal
rats with maternal administration of the same medication on

72 Neonatology 2009;96:69-79

D19-D16 (2-5 days before birth, studies B-E). ¢ Ductal diameters
in those neonatal rats with repeated administration of the same
medication on D19 and D20 (study H), compared to one maternal
administration of the same medication on D19 (studies E, H).
d Neonatal ductal closure of rats with 3 doses of indomethacin (10
mg/kg) on D18, D19, D20 or D21 (studies L, J). e DACI in the con-
trol neonatal rat (A), and in the neonatal rat with in utero expo-
sure to 10 mg/kg indomethacin (B-J).
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A: Control *
B-J: Indomethacin, 10 mg/kg
B:D16

67 D17

D:D18

E: D19

51 F:D20
G:D21,-4h
H:D19, D20

44 |. D18,D19,D20
J: D19, D20, D21

DACI

Table 2. PIC (jg/ml) of neonatal and maternal rats on D21

P: 0.1 mg/kg, D21, -4 h 0.08 £0.06 0.30+0.14 0.26%0.10

5
M: 1 mg/kg, D21,-4h 5 0.76x0.16 2.70*054 0.27%0.04
G: 10 mg/kg, D21, -4 h 4 819+235 3353%758 0.22+0.04
F: 10 mg/kg, D20, -28 h 3 6.94%252 16.03%x4.63 0.43%0.05
E: 10 mg/kg, D19, -52 h 5 0.90%0.55 1.81+123 0.51%0.08
H: 10 mg/kg, D19and D20 4 8.85%2.32 17.01%£2.96 0.51%£0.22

Photographs

The frontal section of the DA was photographed to demon-
strate ductal constriction with a binocular stereoscopic micro-
scope (Wild M400 Photomacroscope; Wild Heerbrugg Ltd.,
Heerbrugg, Switzerland) using color film (Reale; Fuji Film Co.,
Tokyo, Japan; fig. 1).

Statistics

The results are expressed as means *+ standard deviation. The
statistical significance of differences between group means was
determined by ANOVA and the Bonferroni methods [22]. The
difference was considered to be significant if the p value was less
than 0.05.

Indomethacin and Delayed Ductus
Closure

Results

Indomethacin Concentration

PIC in studies E, F, G, H, M and P in table 1 are shown
in table 2. Following orogastric administration of a large
dose (10 mg/kg) of indomethacin, the maternal PIC in-
creased 4 h after administration, decreased by half, albeit
remaining high 28 h later, and subsequently decreased
52 h later. Neonatal PIC increased up to 8 pg/ml, 4 h after
administration, and remained at a high level (7 pug/ml)
by 28 h, decreasing to 1 pg/ml at 52 h, consistent with a
more rapid decrease in the second 24-hour period. Small-
er doses of indomethacin induced proportionately small-
er plasma concentrations of indomethacin (table 2).

Timing of Indomethacin Administration and

Neonatal Ductal Closure

Maternal administration of indomethacin 10 mg/kg
on D21 induced constriction of the fetal ductus 4 h later,
and the neonatal ductus closed more rapidly than the
control ductus (fig. 2a, study G). In contrast, the neonatal
ductus showed delayed closure following administration
of indomethacin on D16-D20 (5-1 day before). The delay
of the postnatal DA closure induced by administration of
indomethacin on D18 or earlier or on D20 was signifi-
cantly smaller than the delay with administration on D19
(2 days before; fig. 2a, b, e). Even the administration of
indomethacin on D16, 5 days before term, showed a small
but significant delay in ductal closure (fig. 2b).

Multiple Doses of Indomethacin and Neonatal Ductal

Closure

Effects of multiple doses of indomethacin on neonatal
ductal closure are shown in figures 2c and d. Administra-
tion of indomethacin 10 mg/kg, given on both D19 and
D20, induced a greater delay in neonatal ductal closure
than 1 dose on D19 (fig. 2¢, study H), and the DACI in-
creased to 6 (fig. 2e). An additional dose on D18 did not
cause a further increase in the delay in ductal closure
(fig. 2d, study I).

Additional Dose of Indomethacin Given 4 h before

Birth on D21 following 2 Doses on D19 and D20

One dose of indomethacin on D21 in addition to the
doses on D19 and D20 (table 1, study J) did not constrict
the ductus or change the delayed closure induced by 2
doses of indomethacin (fig. 2d). This was in sharp con-
trast with the constricting effect of indomethacin on the
fetal and neonatal ductus on D21 without early treatment
with indomethacin (fig. 2a).
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Fig. 3. Data are means * SD. Figures in parentheses are numbers
of animals. * p < 0.05 vs. control. a Neonatal ductal closure fol-
lowing moderate (1 mg/kg) and small (0.1 mg/kg) doses of indo-
methacin on D19 (studies A, K, N). b Neonatal ductal closure in
control group 2 and in respective study groups following admin-
istration of moderate and small doses of indomethacin on D21
(-4 h, studies A, M, P). ¢ Postnatal ductal closure following 2 ad-
ministrations (D19, D20) of various doses (10, 1, 0.1 mg/kg) of
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indomethacin (studies H, L, O). d DACI in the neonatal rat with
in utero exposure to 1 mg/kg indomethacin (studies K, L, M) and
to 0.1 mg/kg indomethacin (studies N, O, P). e Fetal ductal diam-
eters and PIC 4 h after orogastric administration of indomethacin
to D21 mother rats without early exposure (studies A, G, M, P),
and in those rats with early exposure to 10 mg/kg indomethacin
on D19 and D20 (studies H, J).
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an (16)
— (10)
£ 0.8
£
g 0]
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£
3
v Without early exposure
S 0.4 to indomethacin
B (17
&
0.2
[8]
0 T T T T
0 0.1 1 10
e Indomethacin dose, 4 h before birth (mg/kg)

Table 3. Body weight and vascular diameters of the ascending
aorta, main pulmonary artery and DA on D21 in control fetuses
and those fetuses with early exposure to indomethacin (10 mg/
kg), ONO-AE3-208 (10 mg/kg, a blocker of prostanoid EP, recep-
tor) and L-NAME (30 mg/kg, subcutaneously, an NOS inhibitor)
on D19 and D20

0.78£0.04 0.79%£0.04 0.80%0.05

0.73+0.08% 0.84+0.14* 0.91£0.13*
0.75£0.05 0.80%£0.05 0.86*0.05%
0.64£0.06* 0.67£0.07* 0.63£0.09%

5.8%0.3

4.2+£0.5%
54+£0.3%
4.7+0.5%

A: none (control) 24
H: indomethacin 11
U: ONO-AE3-208 8
V:L-NAME 8

MPA = Main pulmonary artery. * p < 0.05 vs. control.

Doses of Indomethacin on D19 and Neonatal Ductal

Closure :

Three doses of indomethacin (10, 1 and 0.1 mg/kg)
were administered on D19 (studies E, K, N), with obser-
vation for any dose-dependent effects. The largest dose

Indomethacin and Delayed Ductus
Closure

(10 mg/kg) of indomethacin induced a prolonged delay in
DA closure (fig. 2b) and smaller dose induced more mi-
nor, albeit significant delays in DA closure (fig. 3a). The
3 doses of indomethacin were administered repeatedly
on D19 and D20 (studies H, L, O) and the delay of the
neonatal DA closure was studied on D21. These studies
also revealed dose-dependent delay (fig. 3¢, d).

Fetal Ductal Constriction with Indomethacin

Administered 4 h before Birth on D21

In those fetuses without early exposure to indometha-
cin, this drug induced fetal ductal constriction dose de-
pendently (fig. 3d, studies G, M, P). In those fetuses with
early exposure to indomethacin (10 mg/kg, D19 and D20),
the fetal ductus was dilated with high PIC (8 pwg/ml), and
additional administration of indomethacin (10 mg/kg,
-4 h) did not constrict the fetal ductus whatsoever (fig. 3e,
studies H, J). This study was associated with a high fetal
and neonatal mortality (more than 80%), and fetal PIC
could not be measured, but was assumed to be very
high.

Ibuprofen (100 mg/kg) and Aspirin (100 mg/kg)

Administered on D19 and D20

Neonatal ductal closure was significantly delayed on
D21 following in utero exposure to ibuprofen and aspirin,
and DACI was significantly prolonged to 3.1 and 2.2, re-
spectively (fig. 4a, d).

Selective COX1I Inhibitor, SC 560 (10 mg/kg) and

COX2 Inhibitor Rofecoxib (10 mg/kg) Administered

on D19 and D20

Neonatal ductal closure was significantly delayed on
D21 following in utero exposure to these COX1 and
COX2 inhibitors (fig. 4b), and the closure index was 1.8
and 2.6, respectively (fig. 4d).

Prostaglandin EP4 Receptor Blocker ONO-AE3-208

(10 mg/kg) Administered on D19 and D20

Neonatal ductal closure was significantly delayed
on D21 following in utero exposure to the EP, blocker
ONO-AE3-208 (fig. 4¢), and the closure index was 2.3
(fig. 4d).

NOS Inhibitor L-NAME (30 mg/kg, Subcutaneously)

on D19 and D20 ‘

Neonatal ductal closure was normal on D21 following
in utero exposure to L-NAME, and the closure index was
1.0 (fig. 4c, d). However, all fetal vessels including the aor-
ta, pulmonary artery and DA were small, and their diam-
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Fig.4. Dataare means * SD. Figures in parentheses are numbers
of animals. * p <0.05 vs. control. a Neonatal ductal closure of rats
in control group 1 and of rats following administration of aspirin
(100 mg/kg) and ibuprofen (100 mg/kg) to the mother on D19 and
D20 (studies A, Q, R). b Neonatal ductal closure of rats following
administration of rofecoxib (10 mg/kg, a selective COX2 inhibi-
tor) and SC560 (10 mg/kg, a selective COX1 inhibitor). ¢ Neonatal
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ductal closure of rats in control group 1 and of rats following ad-
ministration of ONO-AE3-208 (10 mg/kg, a blocker of prostanoid
EP, receptor) and L-NAME (30 mg/kg, subcutaneously, an NOS
inhibitor) on D19 and D20 (studies U, V). d DACI in the neonatal
rat with in utero exposure to those drugs other than indometha-
cin (studies Q-V).
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eters were 80% of the control (table 3). The fetal body
weight was small and was 4.7 £ 0.5 g (81% of the control;
table 3).

Fetal Vascular Diameter

Delayed neonatal ductal closure was associated with
significant fetal ductal dilatation on D21 in these studies.
Indomethacin 10 mg/kg on D19 induced enlargment of
the fetal ductus on D21 by 10-20% (studies E, H, L, ). A
significant 8-10% (p < 0.05) dilatation of the ductus was
present following in utero exposure to aspirin, ibuprofen,
rofecoxib and ONO-208.

The main pulmonary artery was also dilated mildly
associated with fetal ductal dilatation, and this was sig-
nificant and was 7% compared to the control following
administration of 10 mg of indomethacin on D19 and
D20 (table 3). The aorta was not dilated.

Fetal Body Weight

As is shown in table 3, early administration of indo-
methacin and ONO-AE1-208 were associated with re-
duced body weight of the near-term rat. Small body
weight in near-term rats was observed in every study with
inhibition of COX on D19 and D20.

Maternal and Fetal Mortality

Maternal and fetal mortality in the control was less
than 1%. Indomethacin10 mg/kg induced maternal mor-
tality of 25 and 28% following administration on D16 and
D17, respectively. Fetal fatality was increased to 10% fol-
lowing administration of indomethacin 10 mg/kg on
D16, D19 and D20. No mortality was associated with in-
domethacin used at 1 or 0.1 mg/kg. Repeated administra-
tion of indomethacin 10 mg/kg increased maternal and
fetal mortality. Following administration of indometha-
cin on D19 and D20, maternal mortality was 10% and
fetal mortality was 30%. Following administration of in-
domethacin on D18, D19 and D20, maternal mortality
was 80% and fetal mortality was 40%. No maternal or fe-
tal mortality was induced by aspirin, ibuprofen, SC560,
rofecoxib, ONO-AE3-208 or L-NAME.

Discussion

Fetal PIC and Ductal Constriction

Orogastric administration of indomethacin to the
near-term mother without pretreatment induced dose-
dependent fetal ductal constriction in the rat in early
studies [10, 14]. The present study reconfirmed this and

Indomethacin and Delayed Ductus
Closure

clarified dose-dependent fetal PIC (table 2), and showed
rapid postnatal ductal closure following administration
of indomethacin 10 mg/kg at 4 h prior to birth. In con-
trast to these responses, the near-term fetal and neonatal
ductus showed dilatation and delayed closure following
in utero exposure to large doses of indomethacin 1 or 2
days before birth. One day after the administration of 10
mg/kg indomethacin, the fetal ductus was dilated, neo-
natal ductal closure was delayed and PIC was very high
(7 ng/kg) at 28 h after the administration, indicating per-
sistent and profound inhibition of COX. Two days after
the administration of 10 mg/kg indomethacin, the fetal
ductus was dilated, neonatal ductal closure was further
delayed and PIC was about 1 pg/ml, suggesting persistent
inhibition of COX. Therefore, fetal ductal dilatation and
delay of the neonatal ductal closure were due to some
kind of inhibition to ductal constrictive mechanisms,
and this inhibition was induced by the inhibition of COX
for more than 1 day in the fetus.

Although the reason is not clear, the slow decline in
the indomethacin plasma concentration of the mother
rats during the initial 24 h in this study was different
from the rapid decline in adult nonpregnant rats reported
by Hucker et al. [23].

Fetal Exposure to Indomethacin and Ductal Closure

Delay: Dose and Timing

Experimentally and clinically, it has now been estab-
lished that in utero exposure to indomethacin induces
late tolerance or insensitivity to indomethacin [7-11].
Clinically, very wide ranges of timing and doses of indo-
methacin inducing late neonatal patency of the DA in the
premature human baby have been reported [7-9].

With regard to the dose-effect relationship, this study
indicated clearly that the indomethacin-induced delay in
neonatal ductal closure was dose dependent, and the larg-
er the dose of indomethacin, the greater the delay in neo-
natal ductal closure.

With regard to the timing of fetal exposure to indo-
methacin, the most prominent delay in the neonatal duc-
tal closure was induced with a large dose of indomethacin
on D19 and D20 in this study. In the rat, the ductus is
premature on D19 and D20, and the constrictive reaction
to the large dose of indomethacin is small [10, 21]. This is
in sharp contrast to the severe constriction of the fetal
ductus induced by indomethacin on D21.

Another interesting aspect of the timing study was the
smaller but significant effect of indomethacin adminis-
tered on D16 and D17. A null effect of early fetal stage was
reported in mice [11]. D16 and D17 are early fetal stages
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in the rat, and may indicate that in early fetal stage, indo-
methacin induces only a weak delay in ductal closure.
The ductal constriction in response to oxygen is sensed
by the Kv channel which increases in late gestation [24].
Fetal prostaglandin E is essential in preparing for post-
natal ductal remodeling associated with organic closure
[25]. It is considered that prostaglandin E is essential in
the development of the ductal Kv channel in late gesta-
tion, although this remains to be proved.

Another interpretation is that indomethacin decreas-
es ductal contractility on D16, but contractility recovers
on D21, 5 days later. If we accept the latter interpretation,
this observation has clinical importance, as will be dis-
cussed below.

Clinically, some investigators have not noticed any in-
crease in the incidence of PDA in premature infants who
were exposed to in utero indomethacin [26-28]. There
seem to be 2 reasons for this. The first is the relatively
small dose of indomethacin used for tocolysis. Usually,
only about 2 mg/kg of indomethacin is used as a daily
dose, and if we extrapolate the results of the dosage study
in this experiment, this dose has a rather small delaying
effect on postnatal ductal closure. The second is the tim-
ing of indomethacin administration. We noticed recov-
ery of the delayed closure when indomethacin was ad-
ministered 3-5 days before birth, and the same recovery
effects seem to work clinically when there is an interval
of 3 days or more between the in utero exposure and post-
natal administration of indomethacin.

Mechanism of the Delay

In this study, all tested COX inhibitors and a pros-
tanoid EP, antagonist, ONO-AE3-208, induced delay in
the postnatal ductal closure. This is concordant with the
early reports that COX1 and COX2 knockout mice died
postnatally with PDA [29], and that prostaglandin EP,
receptor knockout mice died in the same way [25, 30].
Recently, Yokoyama et al. [31] showed that prenatal pros-
taglandins and stimulus of prostanoid EP, were essential
for postnatal ductal remodeling and organic closure.
These results indicate that prenatal prostaglandins play
an essential role in postnatal ductal constriction, remod-
eling and organic closure.

Fetal Ductal Constriction by L-NAME

In this study, in utero exposure to L-NAME did not
induce any delay in ductal closure. Administration of L-
NAME on D19 and D20 to pregnant rats induced severe
constriction of the fetal DA [21]. This indicates that NO
is the main dilator of the fetal DA in the preterm rat [21].

78 Neonatology 2009;96:69-79

Following in utero exposure to L-NAME on D19 and D20
in this study, the fetuses had low body weights and small
aortas, main pulmonary arteries and DA on D21, sug-
gesting generalized and vascular growth retardation.
However, postnatal ductal closure was not delayed, indi-
cating that the fetal ductal constriction was not essential
to the cause of the delay in the postnatal ductal closure in
the rat.

Extrapolation of the Results to the Clinical Situation

If we extrapolate the results of this timing study to the
clinical situation, the premature neonate with fetal expo-
sure to a large dose of indomethacin on days 1, 2 or 3 be-
fore birth may develop persistent PDA which does not
respond to indomethacin. Prophylactic administration
of indomethacin [32, 33] administered immediately after
birth may inhibit ductal closure further, and is contrain-
dicated, and conservative treatment [34] is indicated. If
the pediatrician waits for several days before administer-
ing indomethacin, the ductus may recover from the in-
hibitory effect of in utero exposure to indomethacin and
become responsive to the drug. A critical and unanswered
question is what is the necessary interval between the fe-
tal exposure to indomethacin and postnatal recovery of
ductal response to indomethacin, and this remains to be
studied. If therapeutic indomethacin is not effective in
the premature infant with symptomatic PDA and early
fetal exposure to indomethacin, surgical treatment rath-
er than repeated medical therapy is indicated.

Conclusions

In utero exposure to indomethacin in the mid-to-late
fetal stage induced delay of postnatal ductal closure in the
near-term rat with an interval of 1 or more days. The de-
lay with indomethacin was dose dependent. A single large
dose (10 mg/kg) of indomethacin was most effective in
inducing the delay on D19, 2 days before birth, and least
effective on D16, 5 days before birth, possibly showing
recovery. Two large doses of indomethacin on D19 and
D20 induced the largest delay. Other COX inhibitors and
an EP, antagonist also induced a delay, indicating that the
delay was caused by withdrawal of the prostaglandin EP,
stimulus. The delay was temporary and delayed neonatal
ductal closure tended to return to baseline following an
interval of 3 days or more after exposure. Fetal ductal
constriction by inhibition of NOS 1 and 2 days before
birth did not delay neonatal ductal closure.

Momma/Toyoshima/Ito/Sugiyama/
Imamura/Sun/Nakanishi
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