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Tadalafil treatment in mice for 
preeclampsia with fetal growth 
restriction has neuro-benefic effects 
in offspring through modulating 
prenatal hypoxic conditions
Ryota Tachibana1, Takashi Umekawa1, Kento Yoshikawa1, Takao Owa2, Shoichi Magawa1, 
Fumi Furuhashi1, Makoto Tsuji1, Shintaro Maki1, Kyoko Shimada1, Michiko K. Kaneda1, 
Masafumi Nii1, Hiroaki Tanaka1, Kayo Tanaka1, Yuki Kamimoto1, Eiji Kondo1, Ineko Kato1, 
Kenji Ikemura  3, Masahiro Okuda3, Ning Ma4, Takekazu Miyoshi  5,7, Hiroshi Hosoda6, 
Masayuki Endoh2, Tadashi Kimura2 & Tomoaki Ikeda1

We have demonstrated that tadalafil facilitates fetal growth in mice with L-NG-nitroarginine methyl 
ester (L-NAME)-induced preeclampsia (PE) with fetal growth restriction (FGR). Tadalafil is a selective 
phosphodiesterase 5 inhibitor that dilates the maternal blood sinuses in the placenta, thereby 
facilitating the growth of the fetus. The purpose of this study was to investigate the effects of tadalafil 
treatment for PE and FGR on the developing brain in FGR offspring using an L-NAME-induced mouse 
model of PE with FGR. A control group of dams received carboxymethylcellulose (CMC). L-NAME-
treated groups received L-NAME dissolved in CMC from 11 days post coitum (d.p.c.). The L-NAME-
treated dams were divided into two subgroups 14 d.p.c. One subgroup continued to receive L-NAME. 
The other subgroup received L-NAME with tadalafil suspended in CMC. Tadalafil treatment for PE with 
FGR reduced the expression of hypoxia-inducible factor-2α in the placenta and in the brain of the FGR 
fetus. Moreover, tadalafil treatment in utero shows improved synaptogenesis and myelination in FGR 
offspring on postnatal day 15 (P15) and P30. These results suggest that tadalafil treatment for PE with 
FGR not only facilitates fetal growth, but also has neuroprotective effects on the developing brain of 
FGR offspring through modulating prenatal hypoxic conditions.

Fetal growth restriction (FGR), in which the fetus has failed to achieve genetic growth potential in utero1, is 
associated with an increased risk of motor and sensory neurodevelopmental deficits, and cognitive and learning 
impairments2. Preeclampsia (PE) is often associated with FGR, since both PE and FGR are disorders rooted in 
defects in early placental development3. The failure of trophoblast invasion and remodeling of the uterine spiral 
arteries leads to high resistance in uterine circulation, causing a reduction in blood flow and placental ischemia. 
Getahun et al. demonstrated that PE is independently associated with an increased risk of attention deficit/hyper-
activity disorder (ADHD) in a large population-based study and suggested that in utero exposure to chronic 
ischemic-hypoxic conditions is associated with ADHD in childhood4.
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Nitric oxide (NO) is produced by NO synthases and regulates vascular tone in the placenta. Placental blood 
vessels express molecular mediators of the NO-dependent pathway, including a cyclic guanosine monophosphate 
(cGMP)-specific phosphodiesterase (PDE)5. Because inhibitors of PDE5, which is a cGMP-specific PDE, exert 
their pharmacological action by dilating arteries and increasing blood flow in erectile dysfunction and pulmonary 
hypertension6, recent studies have suggested a potential therapeutic role for PDE5 inhibitors in treating PE and 
FGR7,8. Tadalafil, a selective PDE5 inhibitor, has been used to treat pulmonary hypertension in pregnant women. 
We have recently shown a potential therapeutic effect for tadalafil on PE and FGR in small clinical trials9–12. In 
addition, our animal experiments have demonstrated that tadalafil treatment elevates maternal urinary excretion 
of cGMP and dilates the maternal blood sinuses in the placenta, which facilitates fetal growth13. These findings 
led us to hypothesize that tadalafil treatment for PE and FGR may improve neurodevelopment in offspring. The 
aim of this study was to investigate the effects of 5tadalafil treatment for PE and FGR on the developing brain in 
offspring using an L-NG-nitroarginine methyl ester (L-NAME)-induced mouse model of PE with FGR.

Results
Study 1: Effect of tadalafil treatment for PE with FGR on the fetal brain. Effect of tadalafil treat-
ment for PE with FGR on maternal parameters. We used the PE with FGR mouse model induced by L-NAME as 
described previously, with a small modification13. A control group of dams (C dam, n = 5) received 0.5% carboxym-
ethylcellulose (CMC). L-NAME-treated groups received 1 mg/ml L-NAME dissolved in CMC from 11 days post-
coitum (d.p.c.). The L-NAME-treated dams were divided into two subgroups 14 d.p.c. One subgroup continued to 
receive L-NAME until 17 d.p.c. (L dam, n = 8). The other subgroup received L-NAME with 0.08 mg/ml tadalafil sus-
pended in CMC until 17 d.p.c. (TL dam, n = 5). The maternal body weight (BW), the maternal weight gain from 14 to 
17 d.p.c., and the maternal daily food intake did not differ significantly among the 3 groups (Supplementary Table S1). 
The average dose of L-NAME was 220.0 ± 16.9 mg/kg BW/day. The average dose of tadalafil was 13.9 ± 1.9 mg/kg 
BW/day. The mean systolic blood pressure (SBP) measured by tail-cuff methods was significantly higher for the L 
and the TL dams compared to the C dams 14 d.p.c. (C dams, 106.8 ± 3.0 mm Hg; L dams, 126.7 ± 5.1 mm Hg; TL 
dams, 126.7 ± 7.0 mm Hg; Supplementary Fig. S1A). The L dams had a significantly higher mean SBP than the C 
dams, but the mean SBP improved significantly for the TL dams in comparison with the L dams 16 d.p.c. (C dams, 
101.3 ± 7.8 mm Hg; L dams, 126.5 ± 3.3 mm Hg; TL dams, 113.1 ± 4.7 mm Hg; Supplementary Fig. S1B).

Effect of tadalafil treatment for PE with FGR on the fetal brain. We investigated fetal middle cerebral artery 
(MCA) flow velocity with Doppler ultrasound biomicroscopy 17 d.p.c. (Fig. 1A). There was no difference in 
the fetal MCA pulsatility index (PI) among the 3 groups (C fetus, 1.57 ± 0.07; L fetus, 1.61 ± 0.08; TL fetus, 
1.59 ± 0.07; P = 0.58; Fig. 1B). Fetal minimum MCA velocity did not differ significantly among the 3 groups (C 
fetus, 5.4 ± 0.8 mm/s; L fetus, 5.7 ± 1.6 mm/s; TL fetus, 6.2 ± 1.5 mm/s; P = 0.69; Fig. 1C). However, notably, fetal 
maximum MCA velocity was significantly higher for the L dams than the C dams, whereas there were no signifi-
cant differences between that for the C dams and the TL dams (C fetus, 45.4 ± 4.8 mm/s; L fetus, 53.2 ± 4.1 mm/s; 
TL fetus, 52.4 ± 5.2 mm/s; Fig. 1D). Fetal BW 17 d.p.c. was significantly lower for L dams than C dams. In con-
trast, fetal BW was improved significantly for TL dams compared to L dams (C fetus, 0.85 ± 0.05 g; L fetus, 
0.75 ± 0.08 g; TL fetus, 0.80 ± 0.06 g; Supplementary Fig. S2). Placental weight was significantly lower for both 
the L dams and the TL dams than for the C dams (C placenta, 0.088 ± 0.010 g; L placenta, 0.082 ± 0.010 g; TL 
placenta, 0.081 ± 0.010 g; Supplementary Fig. S2). The concentrations of tadalafil in the placenta and in the fetal 
brain were 5.9 ± 0.5 ng/mg protein (n = 4) and 4.5 ± 2.0 ng/mg protein (n = 3), respectively.

The hypoxic conditions in the placenta and in the fetal brain were assessed by the expression of 
hypoxia-inducible factor (HIF)-2α. The number of HIF-2α positive (HIF-2α+) cells in the labyrinth zone of 
the placenta was higher for the L dams than for the C dams. In contrast, the number of HIF-2α + cells in the 
labyrinth zone of the placenta was decreased significantly for the TL dams compared to the L dams (C placenta, 
513.9 ± 157.0/mm2; L placenta, 1406.3 ± 164.8/mm2; TL placenta, 627.3 ± 172.1/mm2; Fig. 2). The number of 
HIF-2α + cells in the white matter (WM) regions (C fetus, 1577.8 ± 800.9/mm2; L fetus, 4360.0 ± 460.9/mm2; 
TL fetus, 2033.3 ± 868.4/mm2; Fig. 3A) and in the dentate gyrus (DG) regions of the fetal hippocampus (C fetus, 
2844.4 ± 335.5/mm2; L fetus, 5946.7 ± 1114.0/mm2; TL fetus, 3633.3 ± 1416.8/mm2; Fig. 3B) were higher for the L 
dams than for the C dams, but the number of HIF-2α + cells in the WM regions and the DG regions was reduced 
significantly for the TL dams compared to the L dams. The number of HIF-2α + cells in the cornu ammonis (CA) 
regions of the fetal hippocampus was higher for the L dams than for the C dams, whereas there were no significant 
differences between that for the C dams and the TL dams (C fetus, 1155.6 ± 538.9/mm2; L fetus, 4266.7 ± 1845.1/
mm2; TL fetus, 3600.0 ± 967.6/mm2; Fig. 3C).

Study 2 Effect of tadalafil treatment for PE with FGR on the developing brain of FGR offspring 
on P15 and P30. Next, another set of dams (C dams, n = 4; L dams, n = 5; TL dams, n = 6) was prepared as 
described above in Study 1, and the dams were allowed to deliver spontaneously. All dams were given normal 
drinking water during lactation. Only male pups were used in this study to minimize the possible influence of 
sexual dimorphism.

Effect of tadalafil treatment for PE with FGR on glial fibrillary acidic protein (GFAP) expression 
in the corpus callosum (CC) of FGR offspring on P15 and P30. To examine the effect of tadalafil treat-
ment for PE with FGR on astrogliosis in the brains of offspring, sections through the CC on postnatal day 15 (P15) 
and P30 were labeled for GFAP by fluorescent immunohistochemistry (Fig. 4A,C). The number of GFAP positive 
(GFAP+) cells in the CC of FGR offspring on P15 (C offspring, 498.3 ± 18.2/mm2; L offspring, 812.9 ± 48.1/mm2; 
TL offspring, 567.9 ± 37.6/mm2; Fig. 4B) and P30 (C offspring, 428.0 ± 22.9/mm2; L offspring, 623.3 ± 26.3/mm2; 
TL offspring, 407.0 ± 40.2/mm2; Fig. 4D) was higher for the L dams than for the C dams, whereas it was decreased 
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significantly for the TL offspring compared to the L offspring. The number of GFAP + cells in the CC was higher 
for the TL offspring than the C offspring on P15, whereas there were no significant differences between the C and 
the TL offspring on P30 (Fig. 4B,D).

Effect of tadalafil treatment on myelin basic protein (MBP) expression in the cingulum of FGR 
offspring on P15 and P30. We investigated the effect of tadalafil treatment for PE with FGR on myelination 
in the cingulum of FGR offspring on P15 and P30 (Fig. 5A,C). The MBP positive (MBP+) area in the cingulum 
on P15 (C offspring, 7.7 ± 2.2%; L offspring, 1.3 ± 0.4%; TL offspring, 5.0 ± 0.4%; Fig. 5B) and P30 (C offspring, 
20.1 ± 3.5%; L offspring, 4.8 ± 0.5%; TL offspring, 9.6 ± 0.5%; Fig. 5D) was lower for the L dams than for the C 
dams, but was improved significantly for the TL offspring compared to the L offspring. The MBP + area in the 
hippocampus for the TL offspring was lower than for the C offspring on P15 and P30 (Fig. 5C,D).

Effect of tadalafil treatment on synaptophysin expression in the hippocampus of FGR offspring 
on P15 and P30. Finally, to investigate the effect of tadalafil treatment for PE with FGR on hippocampal 
synaptogenesis in FGR offspring, we analyzed synaptophysin expression in the dorsal hippocampus on P15 and 
P30 (Fig. 6A,C). The synaptophysin positive (synaptophysin+) area in the hippocampus on P15 (C offspring, 
13.8 ± 3.3%; L offspring, 5.1 ± 1.6%; TL offspring, 9.9 ± 1.7%; Fig. 6B) and P30 (C offspring, 46.2 ± 1.9%; L off-
spring, 8.8 ± 1.7%; TL offspring, 27.5 ± 4.6%; Fig. 6D) was more suppressed for the L dams than for the C dams. In 
contrast, the synaptophysin + area in the hippocampus was increased significantly for the TL offspring compared to 
the L offspring. There were no significant differences between the C and the TL offspring on P15, whereas the syn-
aptophysin + area in the hippocampus for the TL offspring was lower than for the C offspring on P30 (Fig. 6B,D).

Figure 1. Fetal middle cerebral artery (MCA) flow 17 d.p.c. (A) Representative Doppler waveforms of fetal 
MCA. (B) Mean fetal MCA pulsatility index (PI) 17 d.p.c. for C fetus (n = 5), L fetus (n = 8), and TL fetus 
(n = 5). (C) Mean minimum MCA velocity 17 d.p.c. for C fetus (n = 5), L fetus (n = 8), and TL fetus (n = 5). 
(D) Mean maximum MCA velocity 17 d.p.c. for C fetus (n = 5), L fetus (n = 8), and TL fetus (n = 5). Values are 
presented as mean ± SD. Asterisks show statistically significant differences (P < 0.05) between groups indicated 
by square brackets as determined by one-way ANOVA followed by Tukey’s post-hoc test. C fetus: fetus from C 
dam. L fetus: fetus from L dam. TL fetus: fetus from TL dam.
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Discussion
The main findings of the present study were, first, that tadalafil treatment for PE with FGR reduced the expression 
of HIF-2α in the placenta and in the brain of the FGR fetus. Second, neurodevelopment in FGR offspring in our 
mouse model was improved by tadalafil treatment in utero.

The defective trophoblast invasion seen with PE or FGR is thought to lead to relative hypoxia in the placenta14. 
HIF-1α and HIF-2α are central to the process of the adaptation to hypoxic conditions15. Recently, Fujii et al. have 
reported that HIF-2α expression, but not HIF-1α, in the placenta was increased and had a negative impact on 
placental growth factor (PlGF) production under hypoxic conditions16. HIF-2α expression was enhanced in the 
L-NAME-treated placenta and improved by tadalafil treatment in this study. Our previous report has demon-
strated that tadalafil treatment during pregnancy leads to increased PlGF production in the placenta13. Trollmann 
et al. have reported that HIF-2α expression was elevated in the placenta and in the fetal brain after exposing preg-
nant mice to hypoxia17. In the other hands, HIF-1α was not different between C dams, L dams and TL dams. The 
reason for no change of HIF1α- is not clear in this study. HIF-2α is expressed in endothelial cells (ECs), neuronal 
cells, and other cells. Its activation in ECs correlates to vascular remodeling and inflammatory responses, whereas 
the expression of it in neurons indicates acute neuronal damage17. In the brain, HIF-2α is expressed in endothelial 
cells (ECs), neuronal cells, and other cells. Its activation in ECs correlates to vascular remodeling and inflamma-
tory responses, whereas the expression of it in neurons indicates acute neuronal damage18. The effects of tadalafil 

Figure 2. HIF-2α expression in the labyrinth zone of the placenta 17 d.p.c. (A) Representative images of 
HIF-2α expression (arrows) in the labyrinth zone of the (C) placenta, the L placenta, and the TL placenta 17 
d.p.c. Scale bars: 100 μm. The areas in the small rectangles are shown at higher magnification in the row below. 
Nuclei were counterstained with hematoxylin. (B) Number of HIF-2α positive (HIF-2α + ) cells in the labyrinth 
zone of the placenta 17 d.p.c. for C placenta (n = 3), L placenta (n = 4), and TL placenta (n = 3). Values are 
presented as mean ± SD. Asterisks show statistically significant differences (P < 0.05) between groups indicated 
by square brackets as determined by one-way ANOVA followed by Tukey’s post-hoc test. (C) placenta: placenta 
from C dam. L placenta: placenta from L dam. TL placenta: placenta from TL dam.
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Figure 3. HIF-2α expression in the white matter (WM) and in the hippocampus of the FGR fetal brain 
17 d.p.c. (A,C,E) Representative images of HIF-2α expression (arrows) in the white matter (WM) regions 
(A), the dentate gyrus (DG) regions of the fetal hippocampus (shown by the broken line; C), and the cornu 
ammonis (CA) regions of the fetal hippocampus (shown by the broken line; E) 17 d.p.c. for C fetus, L fetus, 
and TL fetus. Scale bars: 50 μm. Nuclei were counterstained with hematoxylin. (B,D,F) Number of HIF-2α 
positive (HIF-2α+) cells in the WM regions (B), in the DG regions (D), and the CA regions (F) of the 
fetal hippocampus 17 d.p.c. for C fetus (n = 3), L fetus (n = 5), and TL fetus (n = 4). Values are presented as 
mean ± SD. Asterisks show statistically significant differences (P < 0.05) between groups indicated by square 
brackets as determined by one-way ANOVA followed by Tukey’s post-hoc test. C fetus: fetus from C dam. L 
fetus: fetus from L dam. TL fetus: fetus from TL dam.
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may improve the inflammatory status in the FGR mice. Further studies are needed in order to evaluate effect on 
the inflammatory status of tadalafil.

Rosenberg et al. have shown that the maximum systolic velocity of the fetal cerebral arteries is better cor-
related with changes in brain blood flow during hypoxia than is the pulsatility index19. Thus, the results of the 
present study are supported by previous reports, and indicate that tadalafil treatment for PE with FGR reduces the 
influence of hypoxia on the fetal brain as well as on the placenta. Our previous data showed that the serum con-
centration of tadalafil in cord blood was approximately a quarter of that in the maternal blood12. Preeclampsia is 
caused contraction of the brain vessels. MCA maximum velocity may increase to measure the part of vasospastic 
narrowing. PI is affected by many factors in contrast to MCA maximum velocity, e.g. cardiac function, damage to 
the capillary endothelium. Therefore, PI may be no change in treated mice compared to untreated mice. In this 
study, we could identify and quantify the levels of tadalafil in the placenta and in the fetal brain. Because tadalafil 
has been reported to have central effects20, other mechanisms through which tadalafil could directly have an 
influence on the fetal brain cannot be excluded.

Figure 4. Expression of GFAP in the corpus callosum (CC) of FGR offspring on P15 and P30. (A,C) 
Representative images of GFAP expression (green) in the CC (shown by the broken line) of FGR offspring on 
P15 (A) and P30 (C) for C offspring, L offspring, and TL offspring. CC: corpus callosum. LV: lateral ventricle. 
Scale bars: 100 μm. (B,D) The number of GFAP positive (GFAP+) cells in the CC of FGR offspring on P15  
(C offspring (n = 5), L offspring (n = 5), and TL offspring (n = 4)); (B) and P30 (C offspring (n = 4), L offspring 
(n = 4), and TL offspring (n = 3)); (D) Values are presented as mean ± SD. Asterisks show statistically significant 
differences (P < 0.05) between groups indicated by square brackets as determined by one-way ANOVA followed 
by Tukey’s post-hoc test. (C) offspring: fetus from C dam. L offspring: fetus from L dam. TL offspring: fetus from 
TL dam.
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Fetal hypoxia secondary to uteroplacental vascular disease carries a risk of neural disorders. In particular, the 
WM regions and the hippocampus of the developing brain are vulnerable to hypoxia2. Wu et al. have recently 
shown WM microstructural alterations in children with ADHD using imaging data21. The dorsal hippocampus 
is associated with the cognitive functions that are impaired in ADHD children22. Rodent models of FGR exposed 
to hypoxia have shown that astrocyte accumulation and impaired myelination accompanies the WM injury after 
birth23. Additionally, the protein level of synaptophysin has been reported to be reduced in the hippocampus of 
FGR animals on P35 using a utero-placental insufficiency model24. The difference between the C and TL groups 
in synaptophysin levels was greater on P30 than on P15. The neuroinflammation and microglia-mediated pruning 
may be involved. These findings were confirmed in the FGR offspring of the L-NAME-induced mouse model. 
Taken together with the results of HIF-2α expression in the fetal brain, prenatal hypoxia conditions play an 
important role in the impaired neurodevelopment of FGR offspring in our mouse model. Because synaptogenesis 

Figure 5. Expression of MBP in the cingulum of FGR offspring on P15 and P30. (A,C) Representative images 
of MBP expression (blue) in the cingulum of FGR offspring on P15 (A) and P30 (C) for C offspring, L offspring, 
and TL offspring. cing: cingulum. Scale bars: 200 μm. (B,D) The number of MBP positive (MBP+) cells in the 
cingulum of FGR offspring on P15 (C offspring (n = 5), L offspring (n = 5), and TL offspring (n = 4)); (B) and 
P30 (C offspring (n = 4), L offspring (n = 4), and TL offspring (n = 3)); (D) Values are presented as mean ± SD. 
Asterisks show statistically significant differences (P < 0.05) between groups indicated by square brackets as 
determined by one-way ANOVA followed by Tukey’s post-hoc test. C offspring: fetus from C dam. L offspring: 
fetus from L dam. TL offspring: fetus from TL dam.
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peaks during postnatal week two and myelination peaks at approximately P20 in rodents25, our results indicated 
that prenatal hypoxia conditions have an adverse effect on the developing brain during the critical period of both 
synaptogenesis and myelination. We also showed that tadalafil treatment in utero improved synaptogenesis and 
myelination in offspring on P15 and P30 in this study. Furthermore, astrocyte accumulation in the corpus callo-
sum was reduced by tadalafil treatment. These results suggest that tadalafil treatment for PE with FGR not only 
ameliorates maternal hypertension and facilitates fetal growth, but also has neuro-benefit effects on the develop-
ing brain of FGR offspring. However, synaptogenesis and myelination were suppressed in tadalafil-treated FGR 
offspring compared to the control offspring on P30. Camprubí et al. have recently reported that physical training 
can improve the neurological outcome of FGR animals24. Further studies are needed to find additional treatment 
options to tadalafil treatment to achieve better neurological outcomes of FGR offspring.

Figure 6. Expression of synaptophysin in the hippocampus of FGR offspring on P15 and P30. (A,C) 
Representative images of synaptophysin expression (red) in the hippocampus of FGR offspring on P15 (A) and 
P30 (C) for C offspring, L offspring, and TL offspring. Nuclei DAPI staining is shown in blue. Scale bars: 200 μm. 
(B,D) The number of synaptophysin positive (synaptophysin+) cells in the hippocampus of FGR offspring 
on P15 (C offspring (n = 5), L offspring (n = 5), and TL offspring (n = 4)); (B) and P30 (C offspring (n = 4), L 
offspring (n = 4), and TL offspring (n = 3)); (D). Values are presented as mean ± SD. Asterisks show statistically 
significant differences (P < 0.05) between groups indicated by square brackets as determined by one-way 
ANOVA followed by Tukey’s post-hoc test. C offspring: fetus from C dam. L offspring: fetus from L dam. TL 
offspring: fetus from TL dam.
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In conclusion, tadalafil treatment for PE with FGR not only ameliorates maternal hypertension and facilitates 
fetal growth, but also has neuro-benefit effects on the developing brain of FGR offspring through modulation of 
prenatal hypoxic conditions.

Methods
The present study was conducted in accordance with the principles and procedures outlined by the Ethics 
Committee for Animal Research of the Mie University Graduate School of Medicine.

Study 1: Effect of tadalafil treatment for FGR on the fetal brain. We used the FGR mouse model 
induced by L-NG-nitroarginine methyl ester (L-NAME) as described previously, with a small modification13. 
Eighteen pregnant C57BL/6 mice (CLEA Japan, Tokyo, Japan) were purchased nine days postcoitum (d.p.c.). 
Food and water were available ad libitum. Dams were matched by weight and divided into two groups 11 d.p.c. 
A control group of dams (n = 5) received 0.5% carboxymethylcellulose (CMC; Wako Pure Chemical Industries, 
Osaka, Japan) dissolved in drinking water (C dam). L-NAME-treated groups (n = 13) received 1 mg/ml L-NAME 
(Cayman Chemical, Ann Arbor, MI, US) dissolved in 0.5% CMC. The L-NAME-treated dams were matched by 
weight and systolic blood pressure (SBP), and were divided into two subgroups 14 d.p.c. SBP was measured by an 
indirect tail-cuff method (MK-2000; Muromachi Kikai Co., Tokyo, Japan). One subgroup continued to receive 
only L-NAME (L dam, n = 8) while the other subgroup received L-NAME with 0.08 mg/ml tadalafil (Cayman 
Chemical Company, Ann Arbor, MI, US) suspended in 0.5% CMC (TL dam, n = 5). Maternal SBP was again 
measured 16 d.p.c. by an indirect tail-cuff method (MK-2000; Muromachi Kikai Co., Tokyo, Japan). The dams 
received an ultrasound examination (see below) and were sacrificed 17 d.p.c. Placenta and fetal brain were col-
lected for further analysis.

We analyzed in no L-NAME group but tadalafil treated (CT dams). CT dams was the same result as C dams. 
The data of CT dams is not described in this paper.

Ultrasound biomicroscopy for assessment of blood flow in the fetal brain. Ultrasound biomi-
croscopy was performed using the anesthetized mouse fixed in a supine position on a heating pad with imbedded 
electrocardiography leads. The level of anesthesia was adjusted from 0.5% to 1.5% sevoflurane (Pfizer Japan Inc., 
Tokyo, Japan) to maintain a maternal heart rate from 450 to 550 beats per minute to avoid fetal bradycardia24. 
Maternal temperature was maintained between 36.5 °C to 37.5 °C. Blood flow in the fetal brain was assessed 
using a high-frequency ultrasound biomicroscope (Vevo2100, VisualSonics, Toronto, Ontario, Canada) with the 
MS-400 convex probe (24 MHz). The maximum and minimum velocities of the fetal MCA near the circle of 
Willis were obtained by pulsed wave Doppler images. The mean value of three clear consecutive waveforms was 
recorded and the average maximum and minimum velocities of the fetal MCA and the fetal MCA PI were calcu-
lated in each dam. The angle of insonation was kept permanently below 60°. These parameters were measured in 
three fetuses randomly taken as representative of the litter. The mean value for each parameter was obtained from 
the three fetuses in the same litter and was considered as one sample.

Measurement of the concentration of tadalafil in the placenta and in the fetal brain. Two pla-
centas and two fetal brains were randomly taken as representative of the litter and pooled as one sample. These 
samples were homogenized by sonication in the presence of 50 mM Tris-HCl (pH 7.3), 100 mM NaCl, 5 mM 
EDTA, 1 mM EGTA (all from Sigma-Aldrich, St Louis, MO, US), and a protease inhibitor cocktail (Nacalai tesque, 
Kyoto, Japan). Homogenates were centrifuged at 10000 g and 4 °C for 10 min, and the supernatants were collected. 
Protein content was measured using the Qubit protein assay kit and Qubit 3.0 (Invitrogen, Carlsbad, CA, US)13. 
The concentrations of tadalafil in the placenta and in the fetal brain were confirmed by high-performance liquid 
chromatography analysis (HPLC)13. The limit of detection of tadalafil by HPLC was 3 ng/ml.

Histological analysis and immunohistochemistry of placenta and fetal brain. One placenta and 
one fetus were randomly taken as representative of the litter and used for this histological assessment in Study 1. 
Placenta and fetal brain were fixed in 4% paraformaldehyde (Nacalai tesque, Kyoto, Japan) in 0.2 M sodium phos-
phate buffer (PBS) (pH 7.4) and then embedded in paraffin (Merck Ltd., Frankfurter, Germany) using standard 
procedures. The paraffin blocks were cut into 5-μm sections. Coronal brain slices were chosen according to the 
Electronic Prenatal Mouse Brain Atlas to include the WM regions (Supplementary Fig. S3A), the DG regions of 
the fetal hippocampus, and the CA regions of the fetal hippocampus (Supplementary Fig. S3B)26. Placenta sec-
tions were incubated at room temperature overnight with anti-HIF-2α antibody (1:100, Abcam, Cambridge, UK) 
and fetal brain sections were incubated with anti-HIF-2α antibody (1:4000, Abcam, Cambridge, UK). Sections 
were incubated with goat anti-rabbit IgG for 3 h, then incubated with peroxidase antiperoxidase complex for 2 h. 
Sections were then incubated with 3,3′-diaminobenzidine (DAB substrate kit; Vector Laboratories, Burlingame, 
CA, US).

Sections were scanned using an Olympus IX71 microscope (Olympus, Tokyo, Japan). The average number 
of HIF-2α+ cells in the labyrinth zone of the placenta was manually counted in four randomly chosen fields 
(165μm × 220μm) in each section as described previously25. We have randomly chosen the field placed anatomi-
cal structure of interest to make sure that there are no overlaps. The three counting fields for white matter (WM) 
regions in the fetal brain, a square of 75 μm × 65 μm, was randomly placed at the anatomical structures of interest. 
The three counting fields for the hippocampus in the fetal brain was randomly placed corresponding to the DG 
regions of the fetal hippocampus with a square of 60 μm × 60 μm, and the CA regions of the fetal hippocampus 
with a square of 50 μm × 50 μm.

Study 2: Effect of tadalafil treatment for FGR on the developing brain of the offspring. Another 
set of dams (C dams, n = 4; L dams, n = 5; TL dams, n = 6) was prepared as described above in Study 1, and the 
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dams were allowed to deliver spontaneously. To limit the litter size to 6 to 9 pups per dam, pups were culled and 
fostered to other dams by 48 h post delivery27. All dams were given normal drinking water during lactation.

The pups were anesthetized with sevoflurane (Pfizer Japan Inc., Tokyo, Japan) and perfusion-fixed with 4% 
paraformaldehyde (Nacalai tesque, Kyoto, Japan) in 0.2 M PBS (pH 7.4) on postnatal day 15 (P15: control off-
spring (C offspring), n = 5; L-NAME offspring (L offspring), n = 5; L-NAME with tadalafil offspring (TL off-
spring), n = 4) or P30 (C offspring, n = 4; L offspring, n = 4; TL offspring, n = 3). Their brains were removed for 
immunohistological analysis. Only male pups were used in this study to minimize the possible influence of sexual 
dimorphism.

Fluorescent immunohistochemistry of the brain in offspring. The brains were fixed in 4% para-
formaldehyde (Nacalai tesque, Kyoto, Japan) in 0.2 M PBS (pH 7.4) and then embedded in paraffin (Merck Ltd., 
Frankfurt, Germany) using standard procedures. The paraffin blocks were cut into 5-μm sections. Sections were 
incubated overnight at room temperature with rabbit anti-GFAP polyclonal antibody (1:300; Abcam, Cambridge, 
UK), rat anti-MBP monoclonal antibody (1:50; Abcam, Cambridge, UK), or mouse anti-synaptophysin mono-
clonal antibody (1:100; Millipore, Darmstadt, Germany), followed by an appropriate secondary antibody for 2 h 
at room temperature.

Fluorescent images were acquired using an FV1000-D IX81 confocal laser microscope (Olympus, Tokyo, 
Japan). The average number of GFAP positive (GFAP+) cells in the corpus callosum at the striatal level on P15 or 
P30 was manually counted in five randomly chosen fields (120 μm × 260 μm) in each of three sections per animal, 
spaced 350 μm apart28. The ratios of the areas positively stained with MBP in the cingulum and synaptophysin in 
the dorsal hippocampus on P15 or P30 were analyzed using Image J software (National Institutes of Health, US) 
in three sections per animal, spaced 350 μm apart29–33.

Statistical analysis. All values were presented as mean ± SD. All statistical tests were carried out using 
GraphPad Prism6 (GraphPad Inc.). One-way ANOVA followed by Tukey’s post-hoc test was used for multiple 
comparisons. P-values < 0.05 were considered statistically significant.

Approvals. All experiments were carried out in accordance with Guidelines for Proper Conduct of Animal 
Experiments (Science Council of Japan, 2006) for the use of laboratory animals in chronic experiments. 
Experiments were also approved by the Ethics Committee for Animal Research of the Mie University Graduate 
School of Medicine(approval number: 29–20).

References
 1. ACOG Practice bulletin no. 134: fetal growth restriction. Obstet. Gynecol. 121, 1122 (2013).
 2. Miller, S. L., Huppi, P. S. & Mallard, C. The consequences of fetal growth restriction on brain structure and neurodevelopmental 

outcome. J. Physiol. 594, 807–823 (2016).
 3. Ilekis, J. V. et al. Placental origins of adverse pregnancy outcomes: potential molecular targets: an Executive Workshop Summary of 

the Eunice Kennedy Shriver National Institute of Child Health and Human Development. Am. J. Obstet. Gynecol. 215, S1–S46 
(2016).

 4. Getahun, D. et al. In Utero Exposure to Ischemic-Hypoxic Conditions and Attention-Deficit/Hyperactivity Disorder. Pediatrics 131, 
e53–e61 (2013).

 5. Krause, B. J., Hanson, M. A. & Casanello, P. Role of nitric oxide in placental vascular development and function. Placenta 32, 
797–805 (2011).

 6. Rotella, D. P. Phosphodiesterase 5 inhibitors: current status and potential applications. Nat. Rev. Drug Discov. 1, 674–682 (2002).
 7. Trapani, A. et al. Perinatal and Hemodynamic Evaluation of Sildenafil Citrate for Preeclampsia Treatment: A Randomized 

Controlled Trial. Obstet. Gynecol. 128, 253–259 (2016).
 8. Von Dadelszen, P. et al. Sildenafil citrate therapy for severe early-onset intrauterine growth restriction. BJOG Int. J. Obstet. Gynaecol. 

118, 624–628 (2011).
 9. Sakamoto, M. et al. Early-onset fetal growth restriction treated with the long-acting phosphodiesterase-5 inhibitor tadalafil: a case 

report. J. Med. Case Reports 10, 317 (2016).
 10. Kubo, M. et al. Retrospective study of tadalafil for fetal growth restriction: Impact on maternal and perinatal outcomes. J. Obstet. 

Gynaecol. Res. 43, 291–297 (2017).
 11. Tanaka, H. et al. Treatment using tadalafil for severe pre-eclampsia with fetal growth restriction. J. Obstet. Gynaecol. Res. 43, 

1205–1208 (2017).
 12. Kubo, M. et al. Safety and dose-finding trial of tadalafil administered for fetal growth restriction; A phase 1 clinical study. J. Obstet. 

Gynaecol. Res. 43, 1159–1168 (2017).
 13. Yoshikawa, K. et al. Tadalafil Improves L-NG-Nitroarginine Methyl Ester-Induced Preeclampsia With Fetal Growth Restriction-Like 

Symptoms in Pregnant Mice. Am. J. Hypertens. 8, 89–96 (2017).
 14. Myatt, L. Review: Reactive oxygen and nitrogen species and functional adaptation of the placenta. Placenta 31, Suppl, S66–69 

(2010).
 15. Webb, J. D., Coleman, M. L. & Pugh, C. W. Hypoxia, hypoxia-inducible factors (HIF), HIF hydroxylases and oxygen sensing. Cell. 

Mol. Life Sci. CMLS 66, 3539–3554 (2009).
 16. Fujii, T. et al. Enhanced HIF2α expression during human trophoblast differentiation into syncytiotrophoblast suppresses 

transcription of placental growth factor. Sci. Rep. 7, 12455 (2017).
 17. Yuen, T. J. et al. Oligodendrocyte-encoded HIF function couples postnatal myelination and white matter angiogenesis. Cell. 17, 

383–96 (2014).
 18. Philipp, B. et al. Neuronal HIF-1α and HIF-2α deficiency improves neuronal survival and sensorimotor function in the early acute 

phase after ischemic stroke. J Cereb Blood Flow Metab. 31, 291–306 (2016).
 19. Wu, Z.-M. et al. White Matter Microstructural Alterations in Children with ADHD: Categorical and Dimensional Perspectives. 

Neuropsychopharmacology 42, 572 (2017).
 20. Fanselow, M. S. & Dong, H.-W. Are the dorsal and ventral hippocampus functionally distinct structures? Neuron 65, 7–19 (2010).
 21. Baud, O. et al. Gestational hypoxia induces white matter damage in neonatal rats: a new model of periventricular leukomalacia. 

Brain Pathol. Zurich Switz. 14, 1–10 (2004).
 22. Camprubí Camprubí, M. et al. Learning and memory disabilities in IUGR babies: Functional and molecular analysis in a rat model. 

Brain Behav. 7, e00631 (2017).



www.nature.com/scientificreports/

1 1SCiENTiFiC RepoRts |           (2019) 9:234  | DOI:10.1038/s41598-018-36084-x

 23. Semple, B. D., Blomgren, K., Gimlin, K., Ferriero, D. M. & Noble-Haeusslein, L. J. Brain development in rodents and humans: 
Identifying benchmarks of maturation and vulnerability to injury across species. Prog. Neurobiol. 106–107, 1–16 (2013).

 24. Hinton, R. B. et al. Mouse heart valve structure and function: echocardiographic and morphometric analyses from the fetus through 
the aged adult. Am. J. Physiol. Heart Circ. Physiol. 294, H2480–2488 (2008).

 25. Xie, H., Zou, L., Zhu, J. & Yang, Y. Effects of netrin-1 and netrin-1 knockdown on human umbilical vein endothelial cells and 
angiogenesis of rat placenta. Placenta 32, 546–553 (2011).

 26. EPMBA - The Electronic Prenatal Mouse Brain Atlas. Available at: http://www.epmba.org/. (Accessed: 5th January 2018)
 27. Umekawa, T. et al. A maternal mouse diet with moderately high-fat levels does not lead to maternal obesity but causes mesenteric 

adipose tissue dysfunction in male offspring. J. Nutr. Biochem. 26, 259–266 (2015).
 28. Li, H. et al. Artificial oxygen carriers rescue placental hypoxia and improve fetal development in the rat pre-eclampsia model. Sci. 

Rep. 5, 15271 (2015).
 29. Ohshima, M. et al. Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity. Sci. Rep. 6, 

(2016).
 30. Umekawa, T., Osman, A. M., Han, W., Ikeda, T. & Blomgren, K. Resident microglia, rather than blood‐derived macrophages, 

contribute to the earlier and more pronounced inflammatory reaction in the immature compared with the adult hippocampus after 
hypoxia‐ischemia. Glia 63, 2220–2230 (2015).

 31. Trollmann, R. et al. Placental HIFs as markers of cerebral hypoxic distress in fetal mice. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 
295, R1973–R1981 (2008).

 32. Rosenberg, A. A., Narayanan, V. & M, D. J. Jr. Comparison of Anterior Cerebral Artery Blood Flow Velocity and Cerebral Blood 
Flow during Hypoxia. Pediatr. Res. 19, 67 (1985).

 33. García-Barroso, C. et al. Tadalafil crosses the blood-brain barrier and reverses cognitive dysfunction in a mouse model of AD. 
Neuropharmacology 64, 114–123 (2013).

Acknowledgements
This study was supported in part by the Takeda Science Foundation, JSPS KAKENHI Grant Number 17K16846, 
Japan Research Foundation for Clinical Pharmacology, Mie Medical Research Foundation, and Aichi Health 
Promotion Foundation.

Author Contributions
R.T., T.U., and K.Y. designed the research, collected, analyzed and interpreted the data, performed the statistical 
analysis, and drafted the manuscript. S. Magawa, F.F., M.T., S. Maki, K.S., M.K., M.N., H.T., K.T., Y.K., E.K., 
and I.K. critically reviewed the manuscript for important intellectual content. K.I. and M.O. contributed to data 
acquisition and interpreted the data about the concentration of tadalafil. N.M. contributed to data acquisition and 
interpreted the immunohistological data. T.O., T.M., H.H., M.E., and T.K. designed the research and contributed 
to data acquisition about ultrasound biomicroscopy. TI conceived and designed the research, and managed 
funding and supervision.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36084-x.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://www.epmba.org/
http://dx.doi.org/10.1038/s41598-018-36084-x
http://creativecommons.org/licenses/by/4.0/

	Tadalafil treatment in mice for preeclampsia with fetal growth restriction has neuro-benefic effects in offspring through m ...
	Results
	Study 1: Effect of tadalafil treatment for PE with FGR on the fetal brain. 
	Effect of tadalafil treatment for PE with FGR on maternal parameters. 
	Effect of tadalafil treatment for PE with FGR on the fetal brain. 

	Study 2 Effect of tadalafil treatment for PE with FGR on the developing brain of FGR offspring on P15 and P30. 
	Effect of tadalafil treatment for PE with FGR on glial fibrillary acidic protein (GFAP) expression in the corpus callosum ( ...
	Effect of tadalafil treatment on myelin basic protein (MBP) expression in the cingulum of FGR offspring on P15 and P30. 
	Effect of tadalafil treatment on synaptophysin expression in the hippocampus of FGR offspring on P15 and P30. 

	Discussion
	Methods
	Study 1: Effect of tadalafil treatment for FGR on the fetal brain. 
	Ultrasound biomicroscopy for assessment of blood flow in the fetal brain. 
	Measurement of the concentration of tadalafil in the placenta and in the fetal brain. 
	Histological analysis and immunohistochemistry of placenta and fetal brain. 
	Study 2: Effect of tadalafil treatment for FGR on the developing brain of the offspring. 
	Fluorescent immunohistochemistry of the brain in offspring. 
	Statistical analysis. 
	Approvals. 

	Acknowledgements
	Figure 1 Fetal middle cerebral artery (MCA) flow 17 d.
	Figure 2 HIF-2α expression in the labyrinth zone of the placenta 17 d.
	Figure 3 HIF-2α expression in the white matter (WM) and in the hippocampus of the FGR fetal brain 17 d.
	Figure 4 Expression of GFAP in the corpus callosum (CC) of FGR offspring on P15 and P30.
	Figure 5 Expression of MBP in the cingulum of FGR offspring on P15 and P30.
	Figure 6 Expression of synaptophysin in the hippocampus of FGR offspring on P15 and P30.




