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preterm birth. We compared these candidates in preterm and term fetal sheeps.

Materials and methods: We performed cesarean sections in 8 time-dated pregnant ewes (4 at 100 days and 4 at 140
days of gestation, corresponding to 24 and 36 weeks of gestation in humans), and obtained 13 fetal sheeps in
each group. We studied surfactant synthesis (SP-A, SP-B, SP-C), lung liquid resorption (ENaC, aquaporins) and
corticosteroid regulation (glucocorticoid receptor, mineralocorticoid receptor and 11-betaHSD2) at mRNA and

protein levels.

Results: The mRNA expression level of SFTPA, SFTPB and SFTPC was higher in the term group. These results were
confirmed at the protein level for SP-B on Western Blot analysis and for SP-A, SP-B and SP-C on immunobhis-
tochemical analysis. Regarding aquaporins, ENaC and receptors, mRNA expression levels for AQP1, AQP3, AQP5,

ENaCa, ENaCp, ENaCy and 11HSD2 mRNA were also higher in the term group.

Discussion: Expression of surfactant proteins, aquaporins and ENaC increases between 100 and 140 days of
gestation in an ovine model. Further exploring these pathways and their hormonal regulation could highlight

some new explanations in the pathophysiology of neonatal respiratory diseases.

Introduction: After birth, the lungs must resorb the fluid they contain. This process involves multiple actors such
Preterm as surfactant, aquaporins and ENaC channels. Preterm newborns often exhibit respiratory distress syndrome due
to surfactant deficiency, and transitory tachypnea caused by a delay in lung liquid resorption. Our hypothesis is
that surfactant, ENaC and aquaporins are involved in respiratory transition to extrauterine life and altered by

1. Introduction

One of the greatest challenges of transition from intra-uterine to
extra-uterine life is the ability for fetal lung to change from a fluid-filled
organ to an air-filled organ that is able to provide adequate hematosis to
the newborn. Preterm birth, which occurs before 37 weeks of gestational
age (GA) in humans, alters this transition, and preterm newborns often
exhibit respiratory diseases, with an incidence that is inversely corre-
lated to their GA (Ancel et al., 2015). Fetal fetal sheeps have always been
the most chosen animal model regarding birth adaptation, mostly due to
their comparable size to the human newborn, and the lung development

similarities in both species (Samson et al., 2018). Nevertheless, exten-
sive studies on transition to extra-uterine life cellular and molecular
physiology are lacking. To fulfill their hematosis duty quickly after birth,
the lungs must both resorb the fluid that they contain and maintain an
efficient functional residual capacity to allow breathing. These first steps
involve different actors such as surfactant, aquaporins and ENaC chan-
nels. The implementation of these different actors is controlled by
various hormones and is altered by prematurity (Morton and Brodsky,
2016).

Pulmonary surfactant is a lipid-protein complex and highly surface-
active molecule made of many different molecules such as lipids (85% of
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Description of the oligonucleotide primers used for gene quantification by real team RT-qPCR.

Gene Primer F (5’ - 3) TwF (°C) Primer R (5’ - 3) TmR (°C) Amplicon size (bp)
House-keeping genes RPL19 CCCCAATGAGACCAATGAAATC 53 CAGCCCATCTTTGATCAGCTT 52 72
PPIA TGACTTCACACGCCATAATGGT 48 CATCATCAAATTTCTCGCCATAGA 47 62
Genes of interest SFTPA GCAGCCACTCTAACTTTGCC 59 CCCAGTGTGGTGCTATGGAG 60 132
SFTPB TGTGCGACTCCGTTCAGTCC 62 CAGAGGGGTGAGCGGGTTT 62 147
SFTPC CTCAGCATTCTCTGGGGACCT 61 GGATCTCCACTGTCCCTTTGG 60 127
ENaCa TTCCAGTGACACAGGCGTTT 60 TCTTCACTACACTGGGCTGC 60 140
ENaCp CTGGACGTCATTGAGTCTGACA 60 CCATATCCATACCAGCACCGT 52 200
ENaCy ACCCACCTCAGCTGCTTTTT 60 AGCCAGCACATGGTTCTTGA 60 188
AQP1 CATCGAGATCATCGGGACTCT 59 AATTGTGCGTGATCACCGAGG 61 200
AQP3 TCAGGGCAAAAGACCGAGTG 60 TGAGAAACGCCTGTACCTGG 60 154
AQP4 GGTTGGACCAATCATAGGAGC 58 ATCAAGTCGTCGGTCTCCAC 59 177
AQP5 ACTGACCAGCATCAGACAGGG 62 GCTCTTGCTTCCAGTTCTTCAC 60 164
NR3C1 TGAGTTAAGCAGGCTTCAGGT 59 AAAACCGCTGCCAGTTCTGA 60 194
NR3C2 TGTAACCGGGTTTGGGATGG 60 TGGGACAGGCATTCAACAGT 60 141
11pHSD2 CATCGAGCACTTGAATGGGC 60 ATGACCTGGGTAATAGCGGC 60 130

phospholipids, 5% of neutral lipids) and proteins (SP-A, SP-B, SP-C and
SP-D), and that covers lungs alveolar surface (Pioselli et al., 2022). It is
synthesized by type II pneumocytes and prevents the alveoli for
collapsing during the exhalation phases. Type II pneumocytes appear
during the saccular phase of lung development, which begins at 24
weeks in humans (Yamamoto et al., 2018) and around the 100th day of
gestation in sheep (Lock et al., 2015). Glucocorticoids (GC) stimulate the
synthesis of surfactant and the differentiation of type I and type II
pneumocytes (Ballard et al.1997; Tan et al., 1999). Therefore, they are
the gold-standard preventive treatment in women at risk of preterm
birth, to prevent and minimize respiratory distress syndromes in pre-
term infants (Gyamfi-Bannerman et al., 2016). Although the fetal ad-
renal produces very little quantities of glucocorticoids before the third
trimester of gestation, their secretion increases in order to accelerate
fetal maturation and induce labor (Ben-David et al., 2007). Maternal
glucocorticoids do not cross the placental barrier as they are inactivated
by 11beta-hydroxysteroid dehydrogenase (11p HDS2), an enzyme which
transforms active cortisol into inactive cortisone. GC bind specific nu-
clear receptors, the glucocorticoid receptors (NR3C1) which act on
target regions of the genome called Glucocorticoid Responsive Elements
(GRE) transcription (Labbe et al., 1990; Bolt et al., 2001).

Lung liquid must be resorbed between the onset of labor and the
hours that follow birth (Houeijeh et al., 2017). The physiological
mechanisms underlying this phenomenon are poorly understood but
must involve sodium and water transfer from the alveolar compartment
to the interstitium compartment, presumably via the epithelial sodium
channel (ENaC) and aquaporins, respectively.

ENaC channels are sodium channels that allow sodium transport
across the plasma membrane by generating a concentration gradient,
which causes an osmolarity difference on either side of the membrane,
thus allowing aquaporins water absorption (Dagenais et al., 2001).
ENaC channels are made up of three subunits: a, p and y. Their
expression is regulated by aldosterone via the mineralocorticoid recep-
tor (MR), a nuclear receptor which also has a strong GC affinity. To
prevent GC from competing with aldosterone, cortisol is transformed to
inactive cortisone by 11p HSD2 in aldosterone target cells (Garbrecht
et al., 2006; Martinerie et al., 2013). In the kidney, MR induces ENaC
channels transcription. Several studies suggest that MR therefore plays
an important role in the resorption of pulmonary fluid by acting on ENaC
channels production in fetal lung (Jesse et al., 2009; Keller-Wood et al.,
2009, 2011).

Aquaporins are trans-membrane proteins that form pores which
allow the water to cross the membrane according to an osmotic gradient
(Liu et al., 2003). Aquaporins initially allow the lungs to fill with pul-
monary fluid, which is crucial for the lung development, then they help
its resorption around birth which allows the newborn to breathe
(Houeijeh et al., 2017; Liu et al., 2003; Li et al., 2009). Four aquaporins
are expressed in the lungs: AQP1, AQP3, AQP4, AQP5 (King et al.,
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2004). Their kidney expression are linked to vasopressin concentration,
a peptide hormone secreted by neurohypophysis (Wilson et al., 2013),
but no study has ever shown this correlation at the pulmonary level
(Chen et al., 2022).

In this study, to test our hypothesis that surfactant, ENaC and
aquaporins are all involved in respiratory transition to extrauterine life,
altered by prematurity, we compared these actors within preterm and
term fetal sheeps.

2. Materials and methods
2.1. Animals and sampling

Tissues were collected from time-dated pregnant ewes’ fetuses, from
“Ile-de-France” sheep lineage. At 100 (n = 4) and 140 (n = 4) days of
gestation (normal term = 145-150 days), caesarean sections were per-
formed with a paralumbar approach after local anesthesia. The fetal
sheeps were euthanized immediately after removal from the womb
(Dolethal®, pentobarbital, 10ml, IM, Vetoquinol, Lure, France).

After an anatomical dissection, lungs were isolated and sampled.
Half of the samples were immediately frozen in dry ice and stored at
—80 °C until extraction of RNA, the other half were placed in PFA 4%
(paraformaldehyde 4%) and stored at 4 °C for 3 days before their fixa-
tion in paraffin.

2.2. RT-gPCR

Total RNAs were isolated from 100 mg lung tissue after crushing
using Trizol solution (Invitrogen, Cergy-Pontoise, France) according to
the manufacturer’s recommendations. They were then purified using
Qiagen columns (RNeasy mini-kit; Qiagen, Courtaboeuf, France) ac-
cording to the manufacturer’s protocol and treated with 1 pL of DNase I
(Qiagen). They were quantified by spectrophotometry (NANODROP ND-
33000, Labtech, Wilmington, USA). Their quality and integrity were
determined by Agilent® 2100 bio analyzer (Agilent, Massy, France). The
RNA integrity number (RIN) of all the RNA samples was over 7 (Mueller
et al., 2004). For each sample, cDNA was synthesized from 1 pg of the
total RNAs which was retro transcribed using dNTP, oligo dT and retro
transcriptase from ThermoFischer Scientific (Waltham, Massachusetts,
USA) according to manufacturer’s recommendation. For each sample,
two retro transcriptions were performed and pooled. Then, cDNA were
diluted in DNase free water and stored at —80 °C until further process-
ing. Specific primers for thirteen genes of interest (AQP1, AQP3, AQP4,
and AQP5, which code for the four aquaporins known to be expressed in
lungs; ENaCa, ENaCp and ENaCy, which code for the three subunits of
ENaC; SFTPA, SFTPB and SFTPC, which code for the three main proteins
composing surfactant; NR3C1 and NR3C2 which code for the receptor of
glucocorticoids and mineralocorticoids respectively and 11BHSD2,
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which code for 11b-hydroxysteroid dehydrogenase) and two ubiquitary
housekeeping genes commonly used in our laboratory (RPL19, PPIA),
were created using Primerblast (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/) and produced (Eurogentec, Lieges, Belgium) (Table 1).
To assess that cDNA amplification generated the expected fragment,
every amplicon was sequenced and blasted on NCBI RNA ovine database
to confirm its identity.

The RT-qPCR were produced using 50 ng of cDNA, 15 uM of primers
and 7.5 pL of SYBR green Mastermix (Applied Biosystems, Waltham,
Massachusetts). RNase DNase-free water was finally added to reach a
final reaction volume of 15 pl. The PCR reactions were carried out using
the StepOnePlus Real-Time PCR System (Applied Biosystems), accord-
ing to the relative standard curve method (Larionov et al., 2005). All
PCR reactions were carried out in duplicate in the following cycling
conditions: denaturation at 95 °C for 10 min, 45 cycles of denaturation
at 95 °C for 15 s, annealing at 60 °C for 60 s and DNA synthesis at 72 °C
for 40 s. The reaction products specificity was controlled with their
respective melting curves. According to the relative standard curve
method, the relative quantification of the amount of mRNA of the
selected genes was calculated against a normalization factor generated
by the qBasePLUS® software (Biogazelle, Zwijnaarde, Belgium) from the
two housekeeping genes PPIA and RPL19.

2.3. Western-blot

Proteins were extracted from 100 mg of lung sample in a buffer Tris
(0.02 M), EDTA (5 mM), NaCl (0.15 M) and, 3[(3-cholamidopropyl)
dimethylammonio]-1-propane sulfonate (CHAPS) as detergent. The
grind was centrifuged at 4 °C for 15 min at 13,000 g. Protein quantifi-
cation was carried out using the Bradford method with bovine serum
albumin (BSA) as standard (Sigma-Aldrich, Saint-Louis, Missouri).
Leammli buffer (4X) and § Mercaptoetanol was added to the proteins
before denaturation of the proteins in a double boiler.

For each sample, 20 pg of protein were deposited on a 4-15% TGX
gel (Biorad, Hercules, California, USA) for migration. Protein molecular
mass markers (Hyper page, Biorad) were run simultaneously as molec-
ular mass standards. The migration was performed in a Tris Glycine SDS
1X buffer with a constant intensity of 20 mA per gel. The proteins were
then transferred to a polyvinylidene difluoride membrane (Trans-blot®
Turbo Midi Size PVDF Membrane, BioRad).

The membranes were stored for 2 h at room temperature in a solution
of Tris base (50 nM), Tris HCI (50 nM), NaCl (2.5 M), Régilait© (5%),
TBS Tween (0.05%). The membranes were then incubated overnight at
4 °C in solutions of TBS Tween Regilait (5%) with primary rabbit
polyclonal antibodies SP-A, SP-B and SP-C at the respective dilutions of
1/2000 (SP-A Merck Millipore AB3420-1, Merck, Darmstadt, Germany),
1/500 (SP-B Merck Millipore ABS21) and 1/1000 (SP-C Merck Milli-
pore ABC99). The membranes were then incubated with anti-rabbit HRP
antibody conjugated to peroxidase (diluted 1:5000; Intercim UP559721,
France, Montlucon). Actin B (ACTB) was evaluated as load control, using
mouse monoclonal anti-ACTB antibody (diluted 1:2000; Sigma-Aldrich)
and anti-mouse IgG antibody conjugated to goat peroxidase (diluted
1:5000; Santa Cruz Biotechnology, Dallas, Texas).

The revelation was performed with a Pierce ECL 23 Western Blotting
Substrate kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
The chemiluminescence signal was visualized using the ChemiDoc
reader (Biorad). The fluorescence was read using the LAS 1000 camera
(Fujifilm Life Science, Valhalla, New York, USA) and converted in
quantity using the FUJIFILM LAS-4000 Luminescence Image Analyzer
software. The data were then normalized against the ACTB values.

2.4. Immunohistochemistry
From each lung sample, sections of 7 pm were carried out and fixed

on slides. Hematoxylin and eosin stains were performed using a Multi-
stainer automaton (Leica ST 5020, Leica Biosystems France, Nanterre,
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Table 2
Description of the two experimental groups.
Description Preterm Term p.value
Pregnancy stage (in days) 100 140
Number of ewe 4 4
Number of fetal sheep 13 13
Male 8 7 ns
Female 5 6 ns
Weight in g (mean [min-max]) 953 [675-1200] 3455 [2370-4875] <0.001
Offspring per litter
Ewes A and B Male 970g Female 4070g
Male 1080g Female 3375g
Female 970g Male 4140g
Female 10508 Male 3805g
Ewes C and D Male 675g Male 2540g
Male 985g Female 2370g
Male 750g Female 2635g
Female 865g Female 2620g
Ewes E and F Male 925g Female 37508
Male 875g Male 2825g
Male 1035g Male 3400g
Ewes G and H Female 1200g Male 4875g
Female 10058 Male 4510g

ns. non-significant.

France) to highlight the structure of the tissue. Reading and digitization
of the slides was made with the x20 magnification using Aperio® AT2
microscope slide digitizer (Leica Biosystems).

The immunohistochemical markings were carried out using a Bonde
III automaton (Leica Biosystems). The slides were then dewaxed and
incubated with a citrate solution to allow access to antigenic sites. Non-
specific sites were blocked using bovine serum albumin solution (BSA
5%). Incubating the slides in hydrogen peroxide solution for 20 min
blocked the activity of endogenous peroxidases. The primary antibody
was then added to 1/100 for SP-A, 1/500 for SP-B and 1/500 for SP-C
and incubated for 1 h at 37 °C. The revelation was carried out using a
secondary antibody, kit provided by Leica for immunohistochemistry
(Bond Polymer Refine Detection), which reacts with DAB (3,3-dia-
minobenzidine). At the end of the markings, the slides were dehydrated
using a Multistainer controller (Leica ST 5020). The reading and the
digitization of the slides were performed with x40 magnification using
Aperio® AT2 microscope slide digitizer (Leica Biosystems).

2.5. Statistical analysis

All RNA and proteins quantities of preterm fetal sheeps (100 days)
were compared to term fetal sheeps (140 days). In case of normal dis-
tribution of the data (Shapiro-Wilk test), the data were analyzed with a t-
test (Student). If the distribution was not normal, a non-parametric test,
the Mann-Whitney test, was performed. The sex ratio between the two
experimental groups was analyzed with a Fisher test.

The analysis was carried out with the statistical software GraphPad
Prism 115 8.1. P-values <0.05 were considered statistically significant.

3. Results
3.1. Animal comparison

In this study, a caesarian section was performed on 8 time-dated
pregnant ewes at 100 days of pregnancy (preterm, n = 4) and 140
days of pregnancy (term, n = 4). In the preterm group, we collected 13
fetal sheeps (8 males and 5 females) with a mean weight of 953g
[675g-1200g]. In the term group, we collected 13 fetal sheeps (7 males
and 6 females) with a mean weight of 3455g [2370g-4875g].

No difference was reported concerning the number of offspring per
litter. The description of the two experimental groups is provided in
Table 2.
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Fig. 1. Lung histological analysis in fetal sheep lungs at 100 days, preterm (a) and 140 days, term (b) after hematoxylin & eosin staining.

b. bronchial tubes, v. blood vessels.
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Fig. 2. Calibrated Normalized Relative Expression (CNRQ) evaluated by real-time quantitative PCR at 100 days (preterm, solid circles) and 140 days (term, blank
circles) in fetal sheep lungs of: a. SFTPA, SFTPB and SFTPC; b. glucocorticoid receptor (NR3C1), mineralocorticoid receptor (NR3C2) and 11b-hydroxysteroid de-

hydrogenase (114 HDS2); c. aquaporins; and d. ENaC isoforms
*p < 0.05, ***p < 0.001.

3.2. Lung aeration and surfactant synthesis

The histological study of the lungs reveals major differences in lung
structure between preterm (100 days) and term (140 days) fetal sheeps.
At 100 days, the lung tissue showed blood vessels, bronchi and bron-
chioles but the alveoli were sparse and the lung tissue remained compact
(Fig. 1a). At 140 days, the lung tissue was mature and consisted mostly
of large alveoli (Fig. 1b).

The mRNA expression level of SFTPA, SFTPB and SFTPC (Fig. 2a) was
significantly (p < 0.001) higher in the term (140 days) than in the
preterm group (100 days) with large inter-individual variations that
were not correlated with fetal sheep weight, sex or number of fetal sheep
per litter. At the protein level, Western Blot analysis (Fig. 3) showed a
significantly (p < 0.001) higher amount of SP-B in the term than in the
preterm group. SP-C tended (p = 0.07) to be more abundant in full-term
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fetal sheeps as well. No blotting was observed for SP-A. Immunohisto-
chemical analysis showed the presence of the proteins SP-A (Fig. 4a and
b), SP-B (Fig. 4c-d-e) and SP-C (Fig. 4f-g-h) around the alveoli and in the
bronchial tubes with significantly higher levels of proteins in full-term
compared to the preterm fetal sheeps (respectively p < 0.001, p <
0.05 and p < 0.05). No group effect between fetal sheeps of different
ewes was observed concerning results in RT-PCR, western-blotting or
immunohistochemistry.

3.3. Resorption of pulmonary fluid actors

Regarding aquaporins, mRNA expression levels for AQP1, AQP3 and
AQP5 mRNA were respectively 3.1-fold (p < 0.001), 3.4-fold (p < 0.05)
and 10.8-fold (p < 0.001) higher in the term fetal sheeps compared with
the preterm fetal sheeps, and no significant difference was found for
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n.d. non determined, *p < 0.05.

AQP4 (Fig. 2¢). Similarly, for ENaC, mRNA expression levels for ENaCa,
ENaCp and ENaC mRNA were respectively 17.5-fold, 19.1-fold and 17.8-
fold higher (p < 0.001) in the term fetal sheeps compared with the
preterm fetal sheeps (Fig. 2d). No group effect between fetal sheeps of
different ewes was observed.

3.4. Steroids receptors

No significant difference was found in the steroid receptors (NR3C1
and NR3C2) mRNA levels between the two stages of development (100
days and 140 days) but the mRNA level of 115 HDS2 was 2.4-fold higher
(p < 0.001) in the preterm fetal sheeps (100 days) compared with the
term fetal sheeps (140 days) (Fig. 2b). No group effect between fetal
sheeps of different ewes was observed.

4. Discussion

The results of this study confirm that lung developmental stages and
surfactant synthesis in fetal sheep at 100 and 140 days are close to what
is observed at 24 and 36 weeks of gestation in humans, respectively, and
allow new insights regarding pulmonary liquid resorption at the end of
gestation.

Histological analysis shows canalicular then saccular stage at 100
and 140 days of gestation respectively, with progressive alveolarization,
which matches with human gestational ages of 24-25 weeks and 35-36
weeks, as previously described (Joshi and Kotecha, 2007). In parallel,
we showed that surfactant production increases between 100 and 140
days of gestation in the preterm fetal sheep, at transcription, at trans-
lation and at translocation levels. As this was expected, it confirms the
accuracy of the fetal sheeps as a model used to study the adaptation to
extra uterine life. Previous studies already demonstrated an increase in
SP-A, SP-B, SP-C at expression level between preterm and term fetal
sheep (Sozo et al., 2006) and in tracheal aspirates between newborn and
1 week preterm babies (Ballard et al.2003). Although we did not find
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differences in GR expression in the fetal sheep lungs, glucocorticoids
have been clearly associated to lung maturation and surfactant pro-
duction (Bolt et al., 2001) therefore we can hypothesize that there is a
difference in cortisol concentrations depending on gestational age, ad-
renal progressively increasing its cortisol secretion throughout the
pregnancy (Lalli, 2010). Unfortunately, we did not explore hormonal
assays to test this hypothesis in our study.

Other limitations of our study are the lack of exploration of surfac-
tant quality, regarding phospholipids for example, and the immediate
euthanasia which did not allow an optimal constitution of functional
residual capacity (Joshi and Kotecha, 2007). We observed major inter
individual variations of surfactant proteins in “140 days” fetal sheeps,
which were not correlated to birth weight or sex. This could explain why
respiratory distress syndrome, which is due to surfactant deficiency, is
possible but rarely observed in late preterm babies (Ahimbisibwe et al.,
2019).

On the other hand, transitory tachypnea of the newborn (TTN), due
to delayed lung liquid resorption, is frequent among late preterm neo-
nates and may be associated to other biochemical pathways, such as
ENaC and/or aquaporins (Li et al., 2009). Our results showed significant
differences between 100 and 140 days of gestation for all subunits of
ENaC and several aquaporins, at transcription levels, allowing us to
suggest a graduate maturation of the lung liquid resorption during the
end of pregnancy. These results confirm previous published data, where
both ENaC subunits and AQP1, 3, 4 and 5 were described to be expressed
in the fetal fetal sheep’s lung (Liu et al., 2003; Farman et al., 1997).
Alpha ENaC may be the most important for adaptation to extra-uterine
life, with death of inactivated «ENaC mutant mice shortly after birth
(Hummler et al., 1996). Quantitative studies of lung fluid are consistent
with this hypothesis. In ovine fetus, lung fluid is secreted at 2 ml/kg/h at
mid gestation and gradually increases to 5 ml/kg/h near term (Kotecha,
2000). At the end of gestation, there is a need for reversal of this process
from secretion to resorption to ensure normal transition to extra-uterine
life without TTN (Jain and Eaton, 2006). There is a massive decline in
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Fig. 4. Immunohistological analysis and immunohistochemistry evaluation of the relative quantity (AU, Arbitrary Unit) of SP-A (a—c), SP-B (d-f) and SP-C (g-i) in
fetal sheep lungs at 100 days, preterm (solid circles) and 140 days, term (blank circles)

a. alveolus, **p < 0.01, ***p < 0.001.

lung liquid during vaginal delivery at term in fetal fetal sheep (28 ml/kg
before labor vs 7 ml/kg after labor (Berger et al., 1998), which shows
that lung liquid clearance begins before labor in the full term fetal sheep
(Pfister et al., 2001).

Actions mediated by the adrenal steroids may induce changes in
ENaC and aquaporins over the last weeks of gestation in the ovine fetus.
Cortisol production increases in the last few days before birth and during
active labor (Rose et al., 1978), and expression of ENaC and aquaporins
is under regulation of steroids (Dagenais et al., 2001; Jesse et al., 2009;
Liu et al., 2003; Venkatesh and Katzberg, 1997). Mineralocorticoids
signalization may also have a role in the regulation of lung fluid pro-
duction and resorption. First, low plasma cortisol concentrations during
pregnancy are expected to cause greater occupancy and action via MR
than GR (Keller-Wood et al., 2011; Richards et al., 2003), because MR is
a high affinity receptor which can respond to low cortisol levels or
normal/high aldosterone and because the fetal lung has low expression
and activity of the cortisol inactivating enzyme 11betaHSD2 allowing
cortisol binding to both GR and MR (Keller-Wood et al., 2009; Wood and
Srun, 1995). MR expression is also considerably greater in the fetal lung
than in the newborn (Keller-Wood et al., 2005). A study analyzed ovine
lung ontogenesis and showed that low endogenous fetal cortisol may
increase expression of ENaC at mRNA and protein levels. They also
found a discrete increase for GR and MR that we did not find and
confirmed our results for 11bHDS2 with a decrease between 100 and
140 days (Keller-Wood et al., 2009).

Last but not least, although surface tension reduction is widely
considered as the main activity of the lung surfactant system, it is also
established that a low enough surface tension is a key factor to facilitate
a rapid liquid clearance from the airways, explaining why the lack of
surfactant in immature lungs affects both lungs mechanic and lung
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liquid resorption. Deeply exploring these candidate pathways could
highlight some new explanations in the lung liquid resorption patho-
physiology during adaptation to extra-uterine life. It would be inter-
esting to explore the possible effect of hormones involved in respiratory
adaptation to extra-uterine life on mRNA and protein levels. Thus, we
plan to pursue the use of this experimental ovine model with prenatal
conditions modifications, such as maternal administration of cortisol,
aldosterone, vasopressin or oxytocin. Vasopressin, which increases
during labor, is well known for its role of water reabsorption in the
kidneys (Stark et al., 1979) and may also have some effects on the lungs:
it stimulates surfactant secretion through activation of AVPR1 (Brown
and Wood, 1989; Brown and Chen, 1990), and slows down lung liquid
secretion (Perks and Cassin, 1989) and reabsorption (Wallace et al.,
1990) through both AVPR1 and AVPR2 (Albuquerque et al., 1998; Fay
et al., 1996). Interestingly, the vasopressin structure is similar to the
oxytocin structure, which is responsible for labor induction, and these
two hormones can cause some cross-reactions (Song and Albers, 2018).

5. Conclusion

The surfactant proteins’ and lung liquid resorption actors’ expression
increases between 100 and 140 days in an ovine model. The impact of
the hormonal regulation is possible and would be worth analyzing, for
glucocorticoids, mineralocorticoids, vasopressin and oxytocin. For
example, it would be interesting to assess the concentration levels of
these hormones in mothers and fetuses and study the effects of their
administration on candidate mRNA and protein levels.



L. Orlandi et al.

Statement of ethics

All procedures carried out in the present study were approved by the
French Ethical Committee n°l6 under protocol
APAFIS#22584-2019102411142765.

Conflicts of interest

The authors have no conflict of interest to declare.
Funding source statement

The authors have no funding source to declare.
Authors contributions

EMS and VM conceptualized the study. LO achieved all experimental
procedures, with some regular help from EMS, VM, FV, YR, AL, CG and
MLY. LO collected data and drafted the initial manuscript. EMS, VM and
FV reviewed the manuscript for important intellectual content. All au-
thors revised the manuscript and approved the final manuscript as
submitted and agree to be accountable for all aspects of the work.

Data availability
Data will be made available on request.
Acknowledgements:

We would like to thank Olivier Dubois, Laurent Gallio, Marine Denis,
Fabienne Constant, Olivier Sandra, Lucile Cavarec and Paul Berveiller
for their technical assistance in this study.

We also would like to thank Pascal Boileau, professor of neonatology
and head of the Neonatal Intensive Care Unit of Poissy Hospital, for his
assistance and his critical review of the manuscript.

References

Ahimbisibwe, A., Coughlin, K., Eastabrook, G., 2019. Respiratory morbidity in late
preterm and term babies born by elective caesarean section. J Obstet Gynaecol Can
JOGC. 41 (8), 1144-1149. https://doi.org/10.1016/j.jogc.2018.11.002. Epub 2019
Jan 12. PMID: 30642818.

Albuquerque, C.A., Nijland, M.J., Ross, M.G., 1998. Mechanism of arginine vasopressin
suppression of ovine fetal lung fluid secretion: lack of V2-receptor effect. J Matern
Fetal Med. aofit 7 (4), 177-182.

Ancel, P.Y., Goffinet, F., , EPIPAGE-2 Writing Group, Kuhn, P., Langer, B., Matis, J., et al.,
2015. Survival and morbidity of preterm children born at 22 through 34 weeks’
gestation in France in 2011: results of the EPIPAGE-2 cohort study. JAMA Pediatr.
mars 169 (3), 230-238.

Ballard, P.L., Ning, Y., Polk, D., Ikegami, M., Jobe, A.H., 1997. Glucocorticoid regulation
of surfactant components in immature lambs. Am. J. Physiol. 273 (5), L1048-L1057.

Ballard, P.L., Merrill, J.D., Godinez, R.I., Godinez, M.H., Truog, W.E., Ballard, R.A., 2003.
Surfactant protein profile of pulmonary surfactant in premature infants. Am. J.
Respir. Crit. Care Med. 168 (9), 1123-1128.

Ben-David, S., Zuckerman-Levin, N., Epelman, M., Shen-Orr, Z., Levin, M., Sujov, P.,
et al., 2007. Parturition itself is the basis for fetal adrenal involution. J Clin
Endocrinol Metab. janv 92 (1), 93-97.

Berger, P.J., Kyriakides, M.A., Smolich, J.J., Ramsden, C.A., Walker, A.M., 1998. Massive
decline in lung liquid before vaginal delivery at term in the fetal lamb. Am J Obstet
Gynecol. févr 178 (2), 223-227.

Bolt, R.J., van Weissenbruch, M.M., Lafeber, H.N., Delemarre-van de Waal, H.A., 2001.
Glucocorticoids and lung development in the fetus and preterm infant. Pediatr
Pulmonol. juill 32 (1), 76-91.

Brown, L.A., Chen, M., 1990. Vasopressin signal transduction in rat type II pneumocytes.
Am J Physiol. juin 258 (6 Pt 1), L301-L307.

Brown, L.A., Wood, L.H., 1989. Stimulation of surfactant secretion by vasopressin in
primary cultures of adult rat type II pneumocytes. Biochim. Biophys. Acta 1001 (1),
76-81.

Chen, L., Jung, H.J., Datta, A., Park, E., Poll, B.G., Kikuchi, H., et al., 2022. Systems
biology of the vasopressin V2 receptor: new tools for discovery of molecular actions
of a GPCR. Annu. Rev. Pharmacol. Toxicol. 62, 595-616.

Dagenais, A., Denis, C., Vives, M.F., Girouard, S., Massé, C., Nguyen, T., et al., 2001.
Modulation of alpha-ENaC and alphal-Na+-K+-ATPase by cAMP and

70

Developmental Biology 506 (2024) 64-71

dexamethasone in alveolar epithelial cells. Am J Physiol Lung Cell Mol Physiol. juill
281 (1), L217-L230.

Farman, N., Talbot, C.R., Boucher, R., Fay, M., Canessa, C., Rossier, B., et al., 1997.
Noncoordinated expression of alpha-, beta-, and gamma-subunit mRNAs of epithelial
Na-+ channel along rat respiratory tract. Am J Physiol. janv 272 (1 Pt 1), C131-C141.

Fay, M.J., Du, J., Yu, X., North, W.G., 1996. Evidence for expression of vasopressin V2
receptor mRNA in human lung. Peptides 17 (3), 477-481.

Garbrecht, M.R., Schmidt, T.J., Krozowski, Z.S., Snyder, J.M., 2006. 11Beta-
hydroxysteroid dehydrogenase type 2 and the regulation of surfactant protein A by
dexamethasone metabolites. Am J Physiol Endocrinol Metab. avr 290 (4),
E653-E660.

Gyamfi-Bannerman, C., Thom, E.A., Blackwell, S.C., Tita, A.T.N., Reddy, U.M., Saade, G.
R., et al., 2016. Antenatal Betamethasone for women at risk for late preterm
delivery. N Engl J Med. 7 avr 374 (14), 1311-1320.

Houeijeh, A., Tourneux, P., Mur, S., Aubry, E., Viard, R., Sharma, D., et al., 2017. Lung
liquid clearance in preterm lambs assessed by magnetic resonance imaging. Pediatr
Res. juill 82 (1), 114-121.

Hummler, E., Barker, P., Gatzy, J., Beermann, F., Verdumo, C., Schmidt, A, et al., 1996.
Early death due to defective neonatal lung liquid clearance in alpha-ENaC-deficient
mice. Nat Genet. mars 12 (3), 325-328.

Jain, L., Eaton, D.C., 2006. Physiology of fetal lung fluid clearance and the effect of labor.
Semin Perinatol. févr 30 (1), 34-43.

Jesse, N.M., McCartney, J., Feng, X., Richards, E.M., Wood, C.E., Keller-Wood, M., 2009.
Expression of ENaC subunits, chloride channels, and aquaporins in ovine fetal lung:
ontogeny of expression and effects of altered fetal cortisol concentrations. Am J
Physiol Regul Integr Comp Physiol. aofit 297 (2), R453-R461.

Joshi, S., Kotecha, S., 2007. Lung growth and development. Early Hum Dev. déc 83 (12),
789-794.

Keller-Wood, M., Wood, C.E., Hua, Y., Zhang, D., 2005. Mineralocorticoid receptor
expression in late-gestation ovine fetal lung. J Soc Gynecol Investig. févr 12 (2),
84-91.

Keller-Wood, M., von Reitzenstein, M., McCartney, J., 2009. Is the fetal lung a
mineralocorticoid receptor target organ? Induction of cortisol-regulated genes in the
ovine fetal lung, kidney and small intestine. Neonatology 95 (1), 47-60.

Keller-Wood, M., Wood, C.E., McCartney, J., Jesse, N.M., Perrone, D., 2011. A role for
mineralocorticoid receptors in the physiology of the ovine fetus: effects on ACTH and
lung liquid composition. Pediatr Res. juin 69 (6), 491-496.

King, L.S., Kozono, D., Agre, P., 2004. From structure to disease: the evolving tale of
aquaporin biology. Nat Rev Mol Cell Biol. sept 5 (9), 687-698.

Kotecha, S., 2000. Lung growth for beginners. Paediatr Respir Rev. déc 1 (4), 308-313.

Labbe, A., Grizard, G., Dechelotte, P., Raynaud, E.J., 1990. Glucocorticoid receptor
concentrations in human lung at different growth stages. Pediatr. Pulmonol. 9 (3),
140-145.

Lalli, E., 2010. Adrenal cortex ontogenesis. Best Pract Res Clin Endocrinol Metab. déc 24
(6), 853-864.

Larionov, A., Krause, A., Miller, W., 2005. A standard curve based method for relative
real time PCR data processing. BMC Bioinf. 6 (1), 62.

Li, Y., Marcoux, M.O., Gineste, M., Vanpee, M., Zelenina, M., Casper, C., 2009.
Expression of water and ion transporters in tracheal aspirates from neonates with
respiratory distress. Acta Paediatr Oslo Nor 1992 98 (11), 1729-1737.

Liu, H., Hooper, S.B., Armugam, A., Dawson, N., Ferraro, T., Jeyaseelan, K., et al., 2003.
Aquaporin gene expression and regulation in the ovine fetal lung. J. Physiol. 551 (Pt
2), 503-514.

Lock, M.C., McGillick, E.V., Orgeig, S., Zhang, S., McMillen, I.C., Morrison, J.L., 2015.
Mature surfactant protein-B expression by immunohistochemistry as a marker for
surfactant system development in the fetal sheep lung. J Histochem Cytochem Off J
Histochem Soc. 63 (11), 866-878.

Martinerie, L., Munier, M., Le Menuet, D., Meduri, G., Viengchareun, S., Lombes, M.,
2013. The mineralocorticoid signaling pathway throughout development:
expression, regulation and pathophysiological implications. Biochimie. févr 95 (2),
148-157.

Morton, S.U., Brodsky, D., 2016. Fetal physiology and the transition to extrauterine life.
Clin Perinatol. sept 43 (3), 395-407.

Mueller, O., Lightfoot, S., Schroeder, A., 2004. RNA integrity number (RIN)—
standardization of RNA quality control. Agil Appl Note 1-8.

Perks, A.M., Cassin, S., 1989. The effects of arginine vasopressin and epinephrine on lung
liquid production in fetal goats. Can J Physiol Pharmacol. mai 67 (5), 491-498.
Pfister, R.E., Ramsden, C.A., Neil, H.L., Kyriakides, M.A., Berger, P.J., 2001. Volume and
secretion rate of lung liquid in the final days of gestation and labour in the fetal

sheep. J. Physiol. 535 (Pt 3), 889-899.

Pioselli, B., Salomone, F., Mazzola, G., Amidani, D., Sgarbi, E., Amadei, F., et al., 2022.
Pulmonary surfactant: a unique biomaterial with life-saving therapeutic
applications. Curr. Med. Chem. 29 (3), 526-590.

Richards, E.M., Hua, Y., Keller-Wood, M., 2003. Pharmacology and physiology of ovine
corticosteroid receptors. Neuroendocrinology. janv 77 (1), 2-14.

Rose, J.C., Macdonald, A.A., Heymann, M.A., Rudolph, A.M., 1978. Developmental
aspects of the pituitary-adrenal axis response to hemorrhagic stress in lamb fetuses in
utero. J Clin Invest. févr 61 (2), 424-432.

Samson, N., Fortin-Pellerin, E., Praud, J.P., 2018. The contribution of ovine models to
perinatal respiratory physiology. Front Biosci Landmark Ed. 23 (7), 1195-1219.

Song, Z., Albers, H.E., 2018. Cross-talk among oxytocin and arginine-vasopressin
receptors: relevance for basic and clinical studies of the brain and periphery. Front.
Neuroendocrinol. 51, 14-24.

Sozo, F., Wallace, M.J., Hanna, M.R., Flecknoe, S.J., Cock, M.L., Maritz, G.S., et al., 2006.
Alveolar epithelial cell differentiation and surfactant protein expression after mild
preterm birth in sheep. Pediatr Res. janv 59 (1), 151-156.


https://doi.org/10.1016/j.jogc.2018.11.002
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref2
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref2
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref2
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref3
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref3
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref3
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref3
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref4
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref4
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref5
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref5
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref5
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref6
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref6
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref6
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref7
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref7
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref7
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref8
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref8
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref8
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref9
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref9
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref10
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref10
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref10
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref11
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref11
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref11
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref12
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref12
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref12
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref12
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref13
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref13
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref13
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref14
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref14
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref15
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref15
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref15
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref15
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref16
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref16
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref16
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref17
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref17
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref17
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref18
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref18
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref18
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref19
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref19
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref20
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref20
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref20
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref20
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref21
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref21
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref22
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref22
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref22
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref23
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref23
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref23
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref24
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref24
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref24
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref25
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref25
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref26
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref27
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref27
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref27
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref28
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref28
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref29
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref29
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref30
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref30
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref30
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref31
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref31
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref31
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref32
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref32
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref32
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref32
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref33
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref33
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref33
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref33
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref34
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref34
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref35
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref35
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref36
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref36
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref37
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref37
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref37
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref38
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref38
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref38
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref39
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref39
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref40
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref40
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref40
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref41
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref41
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref42
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref42
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref42
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref43
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref43
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref43

L. Orlandi et al.

Stark, R.I., Daniel, S.S., Husain, K.M., James, L.S., Vande Wiele, R.L., 1979. Arginine
vasopressin during gestation and parturition in sheep fetus. Biol. Neonate 35 (5-6),
235-241.

Tan, R.C., Ikegami, M., Jobe, A.H., Yao, L.Y., Possmayer, F., Ballard, P.L., 1999.
Developmental and glucocorticoid regulation of surfactant protein mRNAs in
preterm lambs. Am. J. Physiol. 277 (6), L1142-11148.

Venkatesh, V.C., Katzberg, H.D., 1997. Glucocorticoid regulation of epithelial sodium
channel genes in human fetal lung. Am J Physiol. juill 273 (1 Pt 1), L227-L233.

71

Developmental Biology 506 (2024) 64-71

Wallace, M.J., Hooper, S.B., Harding, R., 1990. Regulation of lung liquid secretion by
arginine vasopressin in fetal sheep. Am J Physiol. janv 258 (1 Pt 2), R104-R111.

Wilson, J.L.L., Miranda, C.A., Knepper, M.A., 2013. Vasopressin and the regulation of
aquaporin-2. Clin Exp Nephrol. déc 17 (6), 751-764.

Wood, C.E., Srun, R., 1995. Ontogeny of 11 beta-hydroxysteroid dehydrogenase in ovine
fetal kidney and lung. Reprod. Fertil. Dev. 7 (5), 1329-1332.

Yamamoto, M., Wilting, J., Abe, H., Murakami, G., Rodriguez-Vazquez, J.F., Abe, S.I.,
2018. Development of the pulmonary pleura with special reference to the lung
surface morphology: a study using human fetuses. Anat Cell Biol. 51 (3), 150-157.


http://refhub.elsevier.com/S0012-1606(23)00204-X/sref44
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref44
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref44
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref45
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref45
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref45
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref46
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref46
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref47
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref47
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref48
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref48
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref49
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref49
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref50
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref50
http://refhub.elsevier.com/S0012-1606(23)00204-X/sref50

	Preterm birth affects both surfactant synthesis and lung liquid resorption actors in fetal sheep
	1 Introduction
	2 Materials and methods
	2.1 Animals and sampling
	2.2 RT-qPCR
	2.3 Western-blot
	2.4 Immunohistochemistry
	2.5 Statistical analysis

	3 Results
	3.1 Animal comparison
	3.2 Lung aeration and surfactant synthesis
	3.3 Resorption of pulmonary fluid actors
	3.4 Steroids receptors

	4 Discussion
	5 Conclusion
	Statement of ethics
	Conflicts of interest
	Funding source statement
	Authors contributions
	Data availability
	Acknowledgements:
	References


