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AQP  Aquaporin
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BW  Birth weight
CAP  Channel-activating protease
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LC  Lung compliance
N-PD  Nasal potential difference
PCR  Polymerase chain reaction
RDS  Respiratory distress syndrome
RT-PCR Reverse-transcriptase polymerase chain reaction
SGK  Serum- and glucocorticoid-induced kinase
TTN  Transient tachypnea of the newborn
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ABSTRACT

The aim of the present thesis was to study the role of the 
epithelial sodium channel (ENaC) in clearance of fetal lung fluid 
in the newborn infant by measurement of airway epithelial 
expression of ENaC, of nasal transepithelial potential difference 
(N-PD), and of lung  compliance (LC). In addition, the effect of 
postnatal dexamethasone on airway epithelial ENaC expression 
was measured in preterm infants with bronchopulmonary 
dysplasia (BPD). 
 The patient population was formed of selected term 
newborn infants born in the Department of Obstetrics (Studies 
II-IV) and selected preterm newborn infants  treated in the 
neonatal intensive care unit of the Hospital for Children and 
Adolescents (Studies I and IV) of the Helsinki University 
Central Hospital in Finland. A small population of preterm 
infants  suffering  from BPD was included in Study I. Studies  I, 
III, and IV included airway epithelial measurement of ENaC 
and in Studies II and III, measurement of N-PD and LC. In 
Study I, ENaC expression analyses were performed in the 
Research Institute of the Hospital for Sick Children in Toronto, 
Ontario, Canada. In the following studies, analyses were 
performed in the Scientific Laboratory of the Hospital for 
Children and Adolescents. N-PD and LC measurements were 
performed at bedside in these hospitals.
 In term newborn infants, the percentage of amiloride-
sensitive N-PD, a surrogate for ENaC activity, measured during 
the first 4 postnatal hours correlates positively with LC 



measured 1 to 2 days  postnatally. Preterm infants with BPD 
had, after a therapeutic dose of dexamethasone, higher airway 
epithelial ENaC expression than before treatment. These 
patients were subsequently weaned from mechanical 
ventilation, probably as a result of the clearance of extra fluid 
from the alveolar spaces. In addition, we found that in preterm 
infants  ENaC expression increases with gestational age (GA). In 
preterm infants, ENaC expression in the airway epithelium was 
lower than in term newborn infants. During the early postnatal 
period in those born both preterm and term airway epithelial 
βENaC expression decreased significantly. Term newborn 
infants  delivered vaginally had a significantly smaller airway 
epithelial expression of αENaC after the first postnatal day than 
did those delivered by cesarean section. The functional studies 
showed no difference in N-PD between infants delivered 
vaginally and by cesarean section. 
 We therefore conclude that the low airway epithelial 
expression of ENaC in the preterm infant and the correlation of 
N-PD with LC in the term infant indicate a role for ENaC in the 
pathogenesis of perinatal pulmonary adaptation and neonatal 
respiratory distress. Because dexamethasone raised ENaC 
expression in preterm infants with BPD, and infants were 
subsequently weaned from ventilator therapy, we suggest that 
studies on the treatment of respiratory distress in the preterm 
infant should include the induction of ENaC activity. 
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TIIVISTELMÄ

Raskauden aikana sikiön keuhkot ovat täynnä nestettä. 
Keuhkojen pintasolukko tuottaa nesteen erittämällä 
osmoottisesti aktiivista kloridia. Vesi seuraa kloridia passiivisesti 
täyttäen keuhkot. Syntymän yhteydessä keuhkojen 
tyhjeneminen ylimääräisestä nesteestä on välttämätöntä 
normaalin kaasujen vaihdon onnistumiseksi. Väitöskirja-
tutkimuksen tavoitteena oli selvit tää epitel iaal isen 
natriumkanavan (ENaC) merkitystä vastasyntyneen lapsen 
keuhkonesteen poistossa. Väitöskirjassa selvitettiin myös, miten 
bronkopulmonaarisesta dysplasiasta (BPD) kärsivälle 
ennenaikaisesti syntyneelle lapselle annettu deksametasoni 
vaikuttaa i lmateiden ENaC:n mRNA:n määrään el i 
ilmentymiseen. Väitöskirjaan sisältyvissä tutkimuksissa on 
mitattu ilmateiden ENaC:n ilmentymistä sekä välillisesti ENaC:n 
toimintaa mittaamalla nenän pintasolukon eli epiteelin 
transepiteliaalista potentiaalieroa (N-PD) ja keuhkojen 
myötäävyyttä, keuhkokomplianssia (LC).
 Potilasaineisto muodostui Naistenklinikalla täysi-
aikaisina syntyneistä lapsista (tutkimukset I-IV) sekä Lasten-
klinikan vastasyntyneiden teho-osastolla hoidossa olleista 
ennenaikaisina syntyneistä lapsista (tutkimukset I ja IV). 
Tutkimuksessa I oli pieni otos BPD:stä kärsiviä ennenaikaisesti 
syntyneitä lapsia. Tutkimuksissa I sekä III-IV mittasimme 
ilmateiden ENaC:n ilmentymistä. Tutkimuksissa II ja III 
mittasimme N-PD:n sekä LC:n. Tutkimuksen I osalta 
potilasnäytteiden ENaC:n ilmentyminen mitattiin Hospital for 



Sick Children -sairaalan tutkimusinstituutissa Kanadan 
Ontariossa, Torontossa. Kaikki muut laboratoriotutkimukset 
toteutettiin Lasten ja nuorten sairaalan Tieteellisessä 
laboratoriossa. Kaikki N-PD- ja LC-mittaukset suoritettiin joko 
Naistenklinikan tai Lastenklinikan osastoilla.
 Toiminnallisten tutkimusten avulla selvitimme, että 
ensimmäisten elintuntien aikana mitattu ENaC:n toimintaa 
kuvaava amiloridiherkän N-PD:n prosenttiosuus oli yhteydessä 
LC:n arvoon kahden ensimmäisen syntymän jälkeisen päivän 
aikana. Totesimme, että BPD:stä kärsiville ennenaikaisesti 
syntyneille lapsille annettuun deksametasonihoitoon liittyi 
ENaC:n ilmentymisen nopea nousu. Näillä lapsilla taudin oireet 
lievenivät siten, että hengityskonehoito voitiin lopettaa. Tämä 
liittyy mahdollisesti ylimääräisen keuhkonesteen poistumiseen 
hoidon myötä. Totesimme myös, että syntymähetken ilmateiden 
ENaC:n ilmentyminen oli yhteydessä raskauden kestoon: 
ennenaikaisesti syntyneillä lapsilla ilmateiden ENaC:n 
ilmentyminen oli matalampi kuin täysiaikaisilla lapsilla. 
Ilmateiden βENaC-alayksikön ilmentyminen laski merkitsevästi 
syntymän jälkeen sekä ennenaikaisesti että täysiaikaisina 
syntyneillä lapsilla. Alateitse syntyneillä täysiaikaisilla lapsilla 
ilmateiden αENaC:n ilmentyminen oli merkitsevästi alhaisempi 
ensimmäisen elinpäivän jälkeen kuin keisarinleikkauksella 
syntyneillä lapsilla.
 Yhteenvetona toteamme, että ENaC saattaa olla 
merkittävä tekijä täysiaikaisen vastasyntyneen lapsen keuhkojen 
sopeutumisessa syntymänjälkeiseen ympäristöön, mutta myös 
ennenaikaisesti syntyneen lapsen hengitystoimintaan liittyvissä 
ongelmissa.
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INTRODUCTION

The newborn infant is faced with the immense challenge 
required by adaptation from a fluid-filled environment to the 
breathing of air. Most of us when undergoing this  phase rarely 
encounter obstacles, but the more premature the infant, the 
more likely he or she is to develop problems during the 
adaptation process. Related to pulmonary adaptation is 
respiratory distress syndrome (RDS), an acute lung disease of 
the newborn preterm infant. It results  from lack of surfactant, 
but also from failure to clear the lung of perinatal fluid. Later 
on, preterm infants  may progress to bronchopulmonary 
dysplasia, a chronic lung  disease. The term newborn may, 
however, also encounter problems with adaptation. This  entity, 
called transient tachypnea of the newborn or “wet lung” 
syndrome, is also a possible result of inefficient lung fluid 
clearance.
 The fetal lung is filled with fluid that gives support to 
the shaping of the lung. Lung fluid secretion is characterized by 
active chloride transport, and therefore also water, through the 
airway epithelium into the lung lumen. At birth, with the aid of 
ion transport through lung epithelial sodium channels, the 
direction of lung fluid transport changes, and the pulmonary 
epithelium begins to absorb fluid. For the clearance of fetal 
lung fluid, this process is crucial.
 The following studies  further examine the expression 
and activity of the epithelial sodium channel in the postnatal 
adaptation process of the newborn infant.



REVIEW OF THE LITERATURE

LUNG DEVELOPMENT

Macroscopic development of the embryonic lung begins  from a 
protrusion of the foregut and proceeds by branching of the lung 
bud and penetration by the main bronchi into the 
mesenchyme. Gradually, this development progresses from the 
proximal towards the distal pulmonary structures (Martin et al. 
2006). Differentiation of the lung epithelium follows in a similar 
pattern: The most distal tubules are lined with undifferentiated 
cells, with escalating  differentiation in the more proximal 
airways. The mature respiratory epithelium lines the entire 
respiratory tract from the nostrils to the bronchi. While small 
histological variation exists, the majority of the airways—among 
it the nasal cavity—are lined with ciliated pseudostratified 
columnar epithelium and goblet cells (Kierszanbaum 2002). 
Distally, goblet cells  become sparser and are replaced by 
surfactant-producing Clara cells.
 The epithelium begins a transformation into simple 
cuboidal epithelium in the terminal parts of the bronchioles. 
Towards the distal end of the airways, in the respiratory 
bronchioles, the low cuboidal epithelium is replaced in part by 
squamous type I alveolar cells (ATI). Respiratory bronchioles 
lead to the alveoli, the epithelium of which consists mainly of 
ATI (> 95% of the internal surface) and the minority of 
surfactant-secreting type II alveolar cells (ATII) (Kierszanbaum 
2002). Type I cells  are extremely permeable to water (Dobbs  et 



al. 1998). Both ATI and ATII contain water-transporting 
channels, aquaporins (AQP) (Zelenina et al. 2005), epithelial 
sodium channels, and Na+K+ATPase (Yue et al. 1995, Factor et 
al. 1998b, Johnson et al. 2002, Ridge et al. 2003).
 Normal development of the human lung is a process 
that begins in early gestation and ends in early childhood. 
Development is divided histologically into five overlapping 
stages  (Martin et al. 2006): the embryonic, pseudoglandular, 
canalicular, saccular, and alveolar stage (Figure 1). The 
embryonic stage (from 1 to 7 weeks of gestation) is characterized 
by the formation of pulmonary veins and the division of the 
airways  into subsegmental branches. The pseudoglandular stage 
(from 5 to 17 weeks of gestation) ends the formation of airways 
into the yet-to-be-developed lungs. During the canalicular stage 
(16-26 weeks of gestation), alveolar type II and subsequently 
type I cells begin to form in the distal lung, and the lung 
parenchyma begins to be canalized by capillaries. The saccular 
stage (from 24 to 36 weeks of gestation) is  characterized by the 
formation of saccules, widened terminal air spaces. This step, 
septation, results in increased size of the lung  parenchyma. 
During the alveolar stage (starting from 28  weeks of gestation) 
the alveoli, the main units  for gas exchange in the lungs, are 
formed. It is speculated that up to half the adult alveoli are 
present at term (Hislop et al. 1986), and that the process of 
alveolarization may then continue for up to 2 years after birth.
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FIGURE 1
STAGES OF LUNG DEVELOPMENT

Fluid is present in the lung  lumen throughout fetal lung 
development, presumably beginning as early as the sixth week 
of gestation (McCray et al. 1992). Whereas the fluid content of 
the fetal lung was described earlier, an approximation of the 
amount of fluid in the fetal mammalian lung  was first 
mentioned in 1923 in studies performed on fetal and newborn 
lambs (Faure-Fremiet E 1923). Even that early, it was noted that, 
at birth, the fluid content of the lungs rapidly declines. At that 
time, however, fetal lung fluid was considered to be aspirated 
amniotic fluid. Data from studies on humans and animals with 
congenital atresias of the trachea and larynx and experimentally 
ligated tracheas in animals show that lungs  distal to the 
occlusion are distended, suggesting a pulmonary origin for lung 
fluid (Potter et al. 1941, Carmel et al. 1965, Griscom et al. 1969). 
The concept of the lung’s  secreting fluid was introduced in 1941 
and noted to be “transudation of body fluid through the alveolar 
wall” (Potter et al. 1941). Eventually, lung  fluid composition was 
demonstrated to differ from that of plasma and therefore was 
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suggested possibly to be fluid secreted by the pulmonary 
epithelium, not to be a plasma ultrafiltrate (Adams et al. 1963, 
Ross 1963, Adamson et al. 1969, Mescher et al. 1975, Alcorn et 
al. 1977).
 Secretion of fluid into the lung lumen results in 
increased intrapulmonary pressure. The closed vocal chords, 
larynx, and nasopharynx constrict the outflow of lung fluid 
(Brown et al. 1983, Fewell et al. 1983, Fisk et al. 1992); therefore 
the intrathoracic pressure in fetal sheep is, in the third 
trimester, higher than is the elastic pressure of the chest wall 
(Vilos et al. 1982). Because pressure in the fetal lung is  crucial 
for keeping  the developing pulmonary structures open, lung 
development is  dependent on a certain amount of lung fluid. 
Pathological states such as  oligohydramnios, in which the 
formation of normal intrapulmonary fluid pressure is  inhibited, 
result in lungs’ being  of small volume, or hypoplastic 
(Moessinger et al. 1986). This  can also be the result of 
pulmonary arterial occlusion, congenital diaphragmatic hernia, 
skeletal dysplasia, or diaphragmatic paralysis (Wigglesworth 
1988, Wallen et al. 1990, 1994), in all of which, intrapulmonary 
pressure is lower than in the healthy fetus. With a surplus  of 
fetal lung fluid, the lungs become larger than the normally 
developed lung, or hyperplastic (Alcorn et al. 1977, 
Wigglesworth et al. 1987, Moessinger et al. 1990). 

FLUID SECRETION IN FETAL LUNG

From mid-term towards term, lung fluid secretion increases, but 
it decreases  significantly before labor (Kitterman et al. 1979, 
Pfister et al. 2001). The actual rate of secretion has  remained 
speculative. A review by Olver suggests  that during the third 
trimester in the fetal sheep, rate of secretion ranges from 3.5 to 
5.5 mL/h/kg (Olver et al. 2004). This suggestion was based on an 
earlier review and on undisclosed data, however (Strang 1991).
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 An important step in unveiling the source of lung fluid 
was a report on the difference in composition between fetal 
lung fluid and amniotic fluid or plasma (Adamson et al. 1969). 
In the fetal lamb lung, the transport of chloride ions was 
noticed to take place against the existing  electrochemical 
gradient (Olver et al. 1974). Further studies in rat alveolar 
epithelial cells suggested that the epithelium secretes Cl- and 
thus drives fluid secretion (Krochmal et al. 1989). In addition, in 
fetal sheep, the increase in filtration pressure in fetal lungs did 
lead to an increased secretion rate of lung  fluid (Carlton et al. 
1992). An alternate mechanism was required.

Chloride Transport
From early gestation, fetal lung fluid is secreted through active 
chloride secretion (Adams 1966, Adamson et al. 1969, Olver et 
al. 1974, 1981). Na+K+ATPase creates a gradient inside the cell 
for chloride entry into the cell through the basolateral Na+K
+2Cl- cotransporter. Thus, the intracellular Cl- is raised above its 
electrochemical gradient, pushing chloride through apical 
anion-selective Cl- channels into the developing airways. Water 
follows passively in the same direction, possibly through a 
paracellular route or water-specific AQP channels. In the fetal 
mammal lung epithelium that at least AQP4, a basolaterally 
located channel, and AQP5, an apically located channel, are 
present (Liu et al. 2003). In general, towards the end of 
gestation, the expression of AQPs increases (Ruddy et al. 1998) 
(Figure 2).
 The exact location for Cl- secretion in the epithelium 
remains unclear. In animals, fetal distal lung epithelial cells 
demonstrate the potential for a Cl--secreting activity (Rao et al. 
1991), whereas the epithelial cells  in bronchioles have sodium 
absorptive capacity (Olver et al. 1986b), suggesting a more distal 
source. However, the cellular origin of fetal chloride secretion 
between species may differ.
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FIGURE 2.
MECHANISMS OF FETAL CHLORIDE SECRETION

With the aid of Na+K+ATPase, the amount of intracellular Cl- exceeds its 
electrochemical gradient, pushing Cl- through apical channels into the 
developing airways. Water follows in a parallell direction.

Fetal Regulation of Secretion
Because the magnitude of secretion of lung fluid is  dependent 
on gestational age (GA), it is likely to use several different 
mechanisms for regulation. In animals, fetal administration of 
prolactin stimulates  secretion (Cassin et al. 1982). In the first 
trimester, prostaglandins  and growth factors (McCray et al. 
1993, Graeff et al. 1999) also seem to stimulate secretion, but 
prostaglandin inhibitors  decrease secretion (Cassin 1984). The 
drainage of lung  fluid from fetal sheep results in an increase in 
lung fluid secretion, suggesting that a pressure-sensing 
mechanism is involved in the regulation of chloride secretion 
(Nardo et al. 1995).
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PERINATAL LUNG FLUID MOVEMENT

At birth, because the newborn infant needs to commence 
respiration the rapid removal of fetal lung fluid is crucial. Early 
experiments  on animals were already showing significant 
reduction in lung fluid content after birth (Faure-Fremiet E 
1923, Aherne et al. 1964). In the term newborn rabbit, lung wet 
weight decreases  substantially during the first 2 hours (Aherne 
et al. 1964) and up to 24 hours after birth continues to decrease 
(Bland et al. 1980). Fetal breathing movements  may clear some 
of the fetal lung fluid several days prior to birth (Pfister et al. 
2001). In addition, some transient passive movement of lung 
fluid through the epithelium may occur during  the first hours 
after birth (Egan et al. 1975, Pitkanen et al. 1996). Because ion 
transport is  crucial for lung fluid secretion, this may be a 
potential mechanism also for its clearance through active 
sodium absorption (Cotton et al. 1988a, 1988b), but the exact 
mechanism was for a time unclear.
 At least four different means exist for transport of water 
across cell barriers: by passive diffusion through plasma 
membranes, through AQPs, paracellularily through tight 
junctions, or by co-transporters. On the basis of reports 
confirming the existence of sodium channels and Na+K+ATPase 
in ATII cells, these were considered the main site of alveolar ion 
transport (Olivera et al. 1994, Voilley et al. 1994, Matalon et al. 
1999). ATI cells were described as  expressing AQPs and 
therefore providing a route for water to follow the gradient 
created by ATII cell ion transport (Nielsen et al. 1997, Dobbs et 
al. 1998). However, recent reports on patch clamp studies 
contribute to these findings by depicting highly selective cation 
channels in ATI consistent with ENaC, but also with Na+K
+ATPase (Johnson et al. 2002, Johnson et al. 2006). It is thus 
likely that ATI cells, constituting over 95% of the internal 
surface of the lung, also play a role in active ion transport across 
the lung epithelium. 
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 The mechanism for perinatal sodium transport involves 
the basolateral Na+K+ATPase that creates a gradient for sodium 
entry into the cell. Apical sodium channels are activated, 
allowing sodium to be transported from the lung lumen into the 
interstitium. Being an osmotically active molecule, sodium 
draws water via a paracellular route or through water-specific 
AQP-channels (Figure 3).

FIGURE 3.
MECHANISMS OF PERINATAL SODIUM ABSORPTION

With the help of basolateral Na+K+ATPase, a gradient is formed in the epithelial 
cell that the apical Na+ channels activate. This allows Na+ to be transported from 
the lung lumen into the interstitium. Being an osmotically active agent, Na+

draws water in a parallell direction.

In near-term fetal sheep, the addition of amiloride, a sodium 
channel blocker, results  in increased secretion of lung fluid 
(Olver et al. 1986a), indicating that sodium transport and 
therefore fluid absorption, is  already then a part of net fluid 
transport. 
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 Several endogenous factors contribute to the switch of 
the lung epithelium from a secreting to an absorbing organ. 
During labor, the fetus is subjected to a mechanical stimulus, 
but also to a surge in hormonal stimuli. Many of these factors 
are dependent on method of delivery, i.e., whether it is 
preceded by labor. Therefore, the recognition that animal 
fetuses born by elective cesarean section without labor had 
slower lung fluid clearance showed the importance of labor in 
lung fluid removal (Adams et al. 1971, Bland et al. 1979). Labor 
was known to be connected to a surge of β-adrenergic stimuli 
(Lagercrantz et al. 1977), and the discovery of adrenaline’s 
causing rapid clearance of lung fluid resulted in a search for its 
mechanism (Walters  et al. 1978). In addition, lung maturity was 
shown to be of importance in the conversion from fluid 
secretion to absorption in response to β-agonists  (Brown et al. 
1983). However, some changes in lung  fluid secretion are 
apparent even before labor: Animal experiments indicate that 
during the last days of gestation prior to the onset of labor the 
lung is already reducing its  rate of fluid secretion (Bland et al. 
1979, Bland et al. 1982).
 The focus of the majority of studies concerning the 
regulation of lung fluid clearance has been on the role of 
catecholamines, glucocorticoids, and thyroid hormone (Baines 
et al. 2000, Folkesson et al. 2000, Chen et al. 2002, Mustafa et al. 
2004), but arginine vasopressin (Perks et al. 1989, Wallace et al. 
1990) may also play a part in this perinatal switch. That an 
increase in oxygen concentration elevates sodium transport in 
cultured fetal epithelial cells  suggests that ambient PO2 is also 
important in the clearance of fetal lung fluid (Pitkanen et al. 
1996). 

Sodium Transport
Amiloride has served as a means of studying sodium transport, 
due to its inhibitory effect on sodium channels  (Kleyman et al. 
1988). Thus the finding that amiloride—instilled into the 
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trachea of newborn guinea pigs in the early postnatal period—
causes respiratory distress (O'Brodovich et al. 1990) led to 
increased interest in the role of sodium channels in postnatal 
lung-fluid clearance.

FIGURE 4.
STRUCTURE OF THE EPITHELIAL SODIUM CHANNEL (ENAC)

ENaC is  formed of "-, !-, and #-subunits. A subunit is formed of two 
transmembrane domains, an extracellular loop, and short N- and C-termini.

Of the ion channels on the apical surface of the airway 
epithelium, the amiloride-sensitive sodium channel (ENaC) is 
rate-limiting for the process of lung-fluid transport across the 
epithelium (Hummler et al. 1996). ENaC, first isolated from the 
colonic epithelium of rats, was  soon shown to be expressed also 
in the kidney and the lung (Canessa et al. 1993, O'Brodovich et 
al. 1993, Voilley et al. 1994). In airway epithelium, ENaC is 
composed of three subunits, the "-, !-, and #-subunits, each 
formed of two transmembrane domains, an extracellular loop, 
and short N- and C-termini (Canessa et al. 1993, 1994) (Figure 
4). The three subunits expressed together produce channel 
activity 100-fold greater than that of "ENaC alone (Canessa et 
al. 1994, Hummler et al. 1996, Fyfe et al. 1998). In addition, in 
different epithelia, several apical amiloride-sensitive channels 
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have been characterized by selectivity for Na+ over K+ (Sariban-
Sohraby et al. 1992, Voilley et al. 1994, Jain et al. 1999, 2001).
 The importance of ENaC for postnatal pulmonary 
adaptation was highlighted in animal experiments when 
αENaC-knock-out mice, unable to clear their lungs of perinatal 
fluid, died of respiratory insufficiency (Hummler et al. 1996). In 
rats, ENaC subunits are not expressed until late in gestation 
(Tchepichev et al. 1995). In the human fetal lung, expression of 
ENaC subunits  is already present in the earliest stages of lung 
development (Smith et al. 2000), but fetal expression of ENaC 
has been lower than in the adult lung  (Voilley et al. 1994). In the 
nasal epithelium of the preterm newborn infant, amiloride-
sensitive nasal transepithelial potential difference (N-PD), a 
surrogate measure for ENaC activity, correlates with GA 
(Gaillard et al. 2007).
 The level of ENaC expression along the respiratory tract 
does not remain constant. Studies both on animals and in 
humans have shown increasing β- and γENaC expression in 
relation to αENaC expression towards the distal lung 
(Matsushita et al. 1996, Farman et al. 1997, Pitkanen et al. 2001). 
Potential difference studies have demonstrated a decrease in 
amiloride-sensitive N-PD from the nasal towards the bronchial 
epithelium, indicating lower ENaC activity in the distal lung 
(Knowles et al. 1982, Fajac et al. 1998).  

Regulation of Sodium Transport
Regulation of ENaC activity and therefore of sodium transport 
include several mechanisms, both transcriptional (Figure 5; 1) 
and post-transcriptional (Figure 5; 2-5). Post-transcriptional 
mechanisms include translation, assembly, and stability of ENaC 
subunits (Figure 5; 2), transport of the channel to the cell 
membrane (Figure 5; 3), control of ENaC function on the 
membrane (Figure 5; 4), and phosphorylation and degradation 
of ENaC (Figure 5; 5) (Smith et al. 2000). The main regulatory 
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mechanisms for ENaC may be those controlling the expression 
of channels on the cell surfaces (Snyder 2005).

FIGURE 5.
SIMPLIFIED SCHEME OF ENAC REGULATION

Regulatory mechanisms can be divided into transcriptional (1) and post-
transcriptional mechanisms (2-5). Post-transcriptional mechanisms include 
translation (2), trafficking (3), activity (4), and degradation (5) (Smith et al. 2000). 
To demonstrate, four regulators and their sites of regulation have been included 
here along with type of effect. Glucocorticoid affects all sites of regulation 
(Champigny et al. 1994, Tchepichev et al. 1995, Otulakowski et al. 1999, Sayegh 
et al. 1999, Debonneville et al. 2001, Itani et al. 2002, Snyder et al. 2002, Boyd et 
al. 2005), whereas !-agonists affect only trafficking and activity of ENaC (Saldias 
et al. 1999, Snyder 2000). Increasing oxygen concentration affects both 
transcription and translation of ENaC (Pitkanen et al. 1996, Baines et al. 2001, 
Planes et al. 2002, Richard et al. 2003). Thyroid hormone, although affecting 
transcr ipt ion, i s dependent on s imultaneous s t imulat ion with 
glucocorticosteroids (Champigny et al. 1994, Otulakowski et al. 1999).

In cultures of fetal distal lung epithelium and in experimental 
animals, glucocorticoid treatment induces  fetal lung fluid 
clearance (Cott et al. 1993, Tchepichev et al. 1995, Folkesson et 
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al. 2000), but its effect may be tissue-specific (Stokes et al. 1998, 
Nakamura et al. 2002). Glucocorticoid hormones enhance 
sodium transport in the fetal lung  phenotype through several 
means. There exists a glucocorticoid-responsive element in the 
5’ flanking region of the αENaC through which glucocorticoid 
hormones enhance transcription of αENaC (Champigny et al. 
1994, Tchepichev et al. 1995, Chow et al. 1999, Otulakowski et 
al. 1999, Sayegh et al. 1999). Corticosteroids exert a significant 
effect on expression of ENaC. All three ENaC subunits are up-
regulated by dexamethasone in human fetal lung explant 
cultures (Venkatesh et al. 1997). However, some cell lines have 
shown contradictory results (Sayegh et al. 1999, Lazrak et al. 
2000). In addition, glucocorticoids elevate ENaC trafficking  and 
retention in the membrane through serum- and glucocorticoid-
regulated kinase (SGK) (Itani et al. 2002). Any increase in 
expression of SGK is associated with an increase in the 
expression of αENaC (Boyd et al. 2005). SGK also phoshorylates 
developmentally downregulated protein 4-2 (Nedd4-2) 
(Debonneville et al. 2001) which, in turn, inhibits  Nedd4-2 from 
binding to ENaC and reduces Nedd4-2 attenuated ENaC 
degradation (Snyder et al. 2002). Silencing  Nedd4-2 causes 
increased lung ENaC expression in newborn rats (Li et al. 
2007a). In the absence of glucocorticoids, very nonselective 
cation channels  are expressed in the ATII cells, which are not 
likely to transport major quantities  of sodium and thus may not 
noticeably contribute to absorption of fetal lung  fluid (Jain et 
al. 2001).
 Among the catecholamines, adrenaline induces a rapid 
clearance of lung fluid in term fetal lambs, an effect that may be 
inhibited by propranolol (Walters et al. 1978). This effect is 
dependent upon GA (Brown et al. 1983). Dopamine also affects 
lung fluid reabsorption in both fetal guinea pig  ATII (Chua et 
al. 1998, Doe et al. 1998) and rodent ATI cells through the apical 
D1- and basolateral D2-receptors (Helms et al. 2006).
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 β-Adrenoceptor agonists that elevate intracellular cAMP 
levels  stimulate lung fluid clearance, possibly through activation 
of protein kinase A (Chen et al. 2002, Morgan et al. 2003). Once 
activated it not only increases  the localization of Na+K+ATPase 
at the basolateral membrane (Saldias et al. 1999) and the activity 
of ENaC on the apical membrane, but also the trafficking of 
ENaC to the apical membrane (Snyder 2000). The effect of β-
adrenoceptor agonists is  attributeable both to β-1 and β-2 
stimulation (Norlin et al. 1998) and is apparent even in ATI cell 
preparates (Helms et al. 2006).
 Thyroid hormones enhance the effect of adrenaline on 
sodium transport in fetal sheep lungs (Barker et al. 1991). On 
the other hand, in rat alveolar cells, no increase in ENaC 
expression occurs after the introduction of thyroid hormones, 
but thyroid hormones potentiate the effect of glucocorticoids 
on the expression of ENaC (Champigny et al. 1994, Otulakowski 
et al. 1999).
 After the commencement of breathing at birth, oxygen 
concentration in the alveoli increases substantially. This  change 
in oxygen concentration in rat fetal distal lung  epithelium 
results in time-dependent changes both in epithelial 
permeability and sodium transport (Pitkanen et al. 1996, Baines 
et al. 2001). Increase in αENaC expression is  mediated through 
a redox-sensitive transcription factor, nuclear factor κB (Baines 
et al. 2002), and its effect in epithelial cells  from rat fetal distal 
lung can be blocked by a superoxide scavenger (Rafii et al. 
1998). ENaC activity may be affected through the post-
transcriptional effect of oxygen. In rat alveolar cells, hypoxia 
causes a rapid decrease in sodium transport without a decrease 
in ENaC expression, but with a smaller amount of ENaC on the 
apical membrane. In contrast, hyperoxia results in an increase 
in sodium transport in rat fetal distal lung epithelial cells 
without any increase in ENaC expression (Planes et al. 2002, 
Richard et al. 2003). This  can be attributed to an increase in Na
+K+ATPase activity (Baines et al. 2001). Oxygen and 
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glucocorticoids regulate translation of αENaC (Otulakowski et 
al. 2006).
 Insulin causes an increase in the open probability of 
ENaC (Tong et al. 2004a) and the number of channels (Blazer-
Yost et al. 2003) on the plasma membrane. These effects have 
recently been demonstrated to be mediated through protein 
kinase B and SGK, for example by abolishing the effect of 
Nedd4-2 (Lee et al. 2007).
 A multitude of studies focus on enhancing ENaC 
activity. In a recent study on fragmented interleukin-1, sodium 
absorption and therefore fluid absorption in guinea pigs  was 
increased, possibly through enhanced cortisol secretion (Li et 
al. 2007b). Some in vitro studies have demonstrated that 
interleukin-4 and interferon gamma inhibit ENaC expression, 
but the addition of tumor necrosis factor causes no modulation 
of ion transport (Galietta et al. 2000, 2002). However, tumor 
necrosis factor α also reduces ENaC expression and activity in 
cultured cells (Dagenais et al. 2004). Epidermal growth factor 
elevates sodium transport (Borok et al. 1996). In adult rats in 
vivo, inhibition of tumor necrosis factor α reduces (Borjesson et 
al. 2000) and administration of transforming growth factor α 
raises (Folkesson et al. 1996) alveolar fluid clearance. In animal 
fetuses, vasopressin inhibits lung  fluid secretion and facilitates 
lung fluid absorption through vasopressin V1 receptors 
(Albuquerque et al. 1998). Somatostatin has an inhibitory effect 
on sodium transport (Perks et al. 1992), but serotonin reduces 
lung fluid production in a gestationally-dependent manner 
(Chua et al. 1999).
 Some of these regulators interact with each other; for 
example, thyroid hormone interacts  with glucocorticoid 
hormone in the fetal lamb lung to potentate the effect of 
adrenaline on sodium transport (Barker et al. 1990). In rat fetal 
distal lung  epithelial cells, glucocorticoid fails to induce αENaC 
expression in the presence of fetal oxygen tension, but in 
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ambient oxygen, αENaC expression increases (Otulakowski et 
al. 2006).
 ENaC is  expressed in epithelia that absorb sodium, and 
studies of ENaC regulation have focused on factors that affect 
all epithelia. However, several studies have elucidated 
mechanisms for more local regulation of sodium transport. This 
is made possible by membrane-bound serine proteases, such as 
trypsin, that act as  channel-activating proteases (CAP) for ENaC 
(Vallet et al. 1997).  In Xenopus oocytes, mouse CAP co-
expressed with ENaC induces  an increase in ENaC mediated 
current (Vuagniaux et al. 2000). In mammals, CAP1-3 is co-
expressed with ENaC in epithelia that transport sodium 
(Vuagniaux et al. 2002, Verghese et al. 2004), suggesting that 
endogenous CAPs can act as regulators of sodium transport. A 
study with cultured mouse alveolar epithelial cells showed that 
ENaC is constitutively activated in vitro by endogenous serine 
proteases located on the apical membrane (Planes et al. 2005). 
In humans, prostasin, a homolog  of CAP1, has been considered 
a possible tissue-specific regulator of sodium channel activity 
(Yu et al. 1995, Tong et al. 2004b).

Other Factors
Na+K+ATPase activity is not the rate-limiting step in sodium 
transport, but it is crucial in creation of a gradient for sodium 
entry into the cells. Upregulation of the β1-subunit of Na+K
+ATPase induces lung fluid clearance in rat airway epithelial 
monolayers (Factor et al. 1998a). In addition to causing 
increased ENaC expression and trafficking, glucocorticoids also 
enhance the expression of both α1- and β1-subunits of the Na
+K+ATPase (Chalaka et al. 1999). The increased activity has  also 
been attributed to translational regulation (Devarajan et al. 
2000). Moreover, in a rat alveolar epithelial cell line, prolonged 
hypoxia inhibits Na+K+ATPase (Planes et al. 1996). 
 In addition to ENaC, lung fluid transport in some 
species is also driven by amiloride-insensitive channels (Norlin 
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et al. 2001). Histologically, less-specific cyclic nucleotide-gated 
nonselective cation channels  have been demonstrated in rat 
lungs (Ding et al. 1997), but, these channels seem to be efficient 
only in adult rodents and have not been suggested to play a role 
in postnatal adaptation (Junor et al. 1999, Kemp et al. 2001).

NEONATAL LUNG DISEASE

Two main entities  of neonatal lung disease have been associated 
with lung fluid clearance, namely respiratory distress syndrome 
(RDS) and transient tachypnea of the newborn (TTN) (Figure 
6). Recently, through the effect of inflammatory cytokines, 
decreased ion transport has been suggested to contribute also 
to the pathogenesis of bronchopulmonary dysplasia (BPD).

Respiratory Distress Syndrome
RDS is  a neonatal lung disease characterized by low surfactant 
production (Martin et al. 2006), excess lung fluid, increased 
alveolar capillary permeability, and, in the alveoli, the 
appearance of fibrin and desquamated epithelium plates called 
hyaline membranes. With the introduction of surfactant 
treatment, RDS incidence and severity have decreased 
(Vidyasagar et al. 1987, Jobe 1993). Because preterm RDS 
infants  have increased lung  fluid content, RDS could, 
hypothetically, in part result from inefficient lung fluid 
clearance (DeSa 1969, Adams et al. 2002). In animals, ENaC 
expression is lower in the fetal than in the postnatal lung 
(Tchepichev et al. 1995), and αENaC knock-out mice succumb 
to respiratory distress  rapidly after birth (Hummler et al. 1996). 
Human preterm infants  have significantly lower amiloride-
sensitive N-PD—a correlate of ENaC activity—than do term 
infants  (Barker et al. 1997, Gaillard et al. 2005), suggesting 
impaired airway epithelial ion transport and therefore inability 
to clear the lung of fetal fluid.
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FIGURE 6.
NEONATAL LUNG DISEASE HYPOTHESIS

In the healthy term newborn infant, a functioning sodium absorption 
mechanism results in a thin layer of fluid lining the alvoli supporting an 
adequate amount of surfactant. In the term neonate suffering from transient 
tachypnea, the amount of surfactant is sufficient, but excess lung fluid may be 
the result of ineffective sodium transport. Respiratory distress syndrome of the 
preterm infant is characterized by low surfactant production and inability to 
clear the lung of perinatal fluid due to defective sodium transport. Modified 
from O'Brodovich 1996.

Transient Tachypnea of the Newborn
Transient tachypnea of the newborn (TTN) is a self-limiting 
disorder that typically affects term infants or close-to-term 
infants. These infants suffer from respiratory distress  in the first 
hours after birth, with symptoms usually disappearing within 
the first 48  postnatal hours. Based on the typical xray findings of 
prominent perihilar streaking signifying enlargement of 
lymphatics, and amiloride-sensitive N-PD lower than in healthy 
newborn infants, TTN may result from inefficient lung fluid 
clearance (Gowen et al. 1988, Martin et al. 2006).
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Bronchopulmonary Dysplasia
Despite progress made in treating RDS, BPD remains an 
important disease affecting chiefly very low birth-weight infants 
(Jobe et al. 2001, Lorenz 2001). This disease is characterized by 
deficient alveolarization and prolonged inflammation of the 
lungs (Speer 2004) and is, in extreme cases, treated with 
dexamethasone (Truffert et al. 2003). BPD is defined as a need 
for supplemental oxygen for at least 28  days after birth, and its 
severity by the respiratory support required at 36 weeks of 
gestation (Jobe et al. 2001). As inflammatory mediators affect ion 
transport (Borjesson et al. 2000, Galietta et al. 2000, 2002), N-PD 
measurements have been performed on preterm infants with 
and without BPD. At 29 days of age infants suffering from BPD 
have significantly lower N-PD than do age-matched controls 
without BPD (Gaillard et al. 2007).
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OBJECTIVES OF THE INVESTIGATION

I. We evaluated whether expression of ENaC subunits in 
airway epithelium immediately after birth differs 
between preterm infants  with RDS and healthy term 
infants. We also studied the effect of dexamethasone 
treatment on expression of ENaC subunits in airway 
epithelium in preterm infants  with bronchopulmonary 
dysplasia.

II. We also evaluated the relationship between the ion 
transport capacity of airway epithelial ENaC—measured 
as transepithelial N-PD—and postnatal pulmonary 
adaptation—measured as  static lung  compliance (LC)—
within the first 48  postnatal hours in healthy term 
infants.

III. We further investigated the connection between airway 
epithelial ENaC subunit expression and functional 
measurements, N-PD and LC, at three postnatal time-
points of sampling in healthy term infants.

IV. In addition, we evaluated whether expression of ENaC 
subunits in airway epithelium at birth is dependent on 
newborn infants’ gestational age.



METHODS

All studies were performed with the approval of the Ethics 
Committee of the Hospital for Children and Adolescents, 
University Central Hospital, Helsinki, Finland, and Study I also 
with the approval of the Research Ethics  Board of the Hospital 
for Sick Children, Toronto, Canada.

EXPRESSION OF EPITHELIAL SODIUM CHANNEL SUBUNITS

In Studies I, III, and IV, the expression of ENaC subunits was 
quantified in scrape samples from the nasal epithelium of 
newborn infants. The ENaC expression of each sample was 
normalized against that of cytokeratin 18  (CK18), which served 
as an epithelial marker (ENaC: CK18, attomole (amol) per 
femtomole (fmol)).
 Since the respiratory epithelium extends from the nasal 
introitus to the bronchi, the nasal epithelium served as a target 
for airway expression of ENaC subunits. During  the sampling 
for Study I, an independent pathologist subjected the scrape 
samples from three additional newborn infants to histologic 
analysis  for classification of epithelium type. The findings were 
typical of the location and similar to findings in adults 
(Otulakowski et al. 1998).



Sample Collection and Storage
Prior to sampling, all infants received glycerol per os as an 
anesthetic. Then the nasal samples were collected under direct 
vision by scraping the nasal epithelium of both nostrils with a 
Rhino-Probe (Arlington Scientific, Springville, UT, USA). In 
preterm infants, the samples were gathered from the nostril 
contralateral to the nostril with the nasotracheal intubation 
tube. Scraping was  performed along the floor of the nose. A 
commercially available purification kit was used for total RNA 
preparation (RNeasy Kit, Qiagen, Valencia, CA, USA). The 
samples were placed on ice and immediately dispersed with an 
insulin syringe into a lysis buffer containing  10 μL beta-
mercaptoethanol per 1 mL of buffer and were stored at -80ºC. 
The following total RNA purification steps for samples in 
Studies III and IV were performed as sets of 5 to 8  samples as 
described by the manufacturer. 

Quantification of mRNA
For the preterm infants receiving dexamethasone treatment in 
Study I and for infants in Studies III and IV, the total RNA 
quantitation of the samples was  performed with a commercially 
available kit including RiboGreen quantitation reagent 
(RiboGreen RNA Quantitation Kit, Molecular Probes, Eugene, 
OR, USA) and a preweighed standard RNA preparation. After 
excitation at 480 nm by a spectrofluorometer, the emission at 
520 nm of the adducts was measured (LS50B, Perkin Elmer, 
Shelton, CT, USA), and the sample RNA contents were deduced 
from the standard plot. 
 The purified total RNA preparations in the rest of the 
patients in Study I were quantified by slot blot analysis, diluted 
to 2.4 ng/μL, and stored at -80ºC in single-use aliquots.

Quantitative Competitive Reverse-Transcriptase PCR
In Study I, samples for competitive quantitative reverse-
transcriptase-polymerase chain reaction (QRT-PCR) were, after 
storage at -70°C if necessary, diluted to give a series  that 
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extended from 24 to 0.375 ng of total RNA. Reaction mixtures 
contained a constant amount of the truncated α-, β-, γENaC, or 
CK18  cRNA used as a competitive internal standard. The 
sequence for the CK18  probe was CTT CAC CAC TCG CTC C, 
for the forward primer TCT CCC CGG ACA GCA TGA, and for 
the reverse primer GCA CCG GTA GTT GGT GGA GAA. The 
primers used for ENaC subunits  have been described separately 
(Otulakowski et al. 1998). Products from the PCR reaction were 
separated by electrophoresis, stained with ethidium bromide, 
and quantitated with a CCD camera and SCION Image 
software. ENaC and CK18  mRNA concentrations were 
calculated (in attomoles  per μg total RNA) from these results. 
QRT-PCR was done in duplicate for each target mRNA in each 
sample. Assay results  were averaged, with the mean as a single 
datum. 

Real-Time PCR
In Studies III and IV, real-time PCR allowed a greater 
throughput of specimens. Reverse transcription of RNA to 
cDNA was performed with TaqMan Reverse Transcription 
Reagents  (Applied Biosystems, Foster City, CA, USA) in a 
reaction volume of 50 μL according to manufacturer’s 
instructions (Loffing et al. 2001). Real-time PCR was performed 
with specific pre-developed primers and probes for ENaC 
subunits (SCNN1A for αENaC; SCNN1B for βENaC; SCNN1G 
for γENaC; Applied Biosystems). Primer express software 
(Applied Biosystems) was used to design primers, and probes 
for CK18. PCR reactions were run as singleplex in duplicate 
wells in a reaction volume of 25 μL. Tissue excised, during 
rhinoplasty, from a healthy turbinate served as a known 
standard after determination by quantitative competitive RT 
PCR as  described in Quantitative Competitive Reverse Transcpritase 
PCR. A dilution series  of the known standard was included with 
each reaction plate for quantification of expression.
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TRANSEPITHELIAL NASAL POTENTIAL DIFFERENCE

In Studies II and III, sodium transport in the airway epithelium 
was quantified as potential difference across the nasal 
epithelium. Ion transport across the cell membrane forms an 
electrochemical gradient on the luminal side of the epithelium 
that is dependent on changes in ion transport. This gradient is a 
relative correlate measurable as a potential difference in 
comparison to another epithelial membrane. The N-PD 
measurement was introduced for diagnostic purposes in cystic 
fibrosis  (Knowles et al. 1981a, Knowles et al. 1981b, Alton et al. 
1990). As this  method includes the focal addition of amiloride 
on the epithelium to further study sodium transport, especially 
the activity of ENaC, such experiments were soon performed on 
newborn infants with postnatal pulmonary problems (Gowen et 
al. 1988, Barker et al. 1991). The method was, however, not 
originally designed for the study of infants, and several 
variations of the apparatus have emerged.
 Based on methods described earlier, a novel method 
was developed for N-PD measurement to better suit newborn 
infants  (Knowles et al. 1981b, Fajac et al. 1998, Southern et al. 
2001). A silver-wire electrode was inserted into a 3-lumen 
central catheter (23 G, COOK, Bjaeverskov, Denmark) to allow 
accurate administration of the perfusion fluids. The system for 
N-PD measurements  included a voltmeter and a device for 
recording  and saving data (Logan Research Ltd, Maidstone, 
UK). The circuit was checked prior to measurement, by 
confirming that the negative potential difference of the exocrine 
glands on the infant’s skin was  –35 mV or less. If the readings 
did not reach –30 mV or fell below –60 mV, the electrodes were 
replaced or the circuit re-checked. Measurements were 
performed on the floor of the nose. Before perfusion of 
physiological saline, the N-PD of both nostrils  was recorded and 
the maximal stabile N-PD measured for 10 seconds. The 
function of the amiloride-sensitive sodium channel was 
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determined by inhibition with amiloride (10-4 M). In attempt to 
measure chloride transport, the perfusion was continued with a 
chloride-free perfusion solution that included 10-4 M amiloride. 
Perfusion was continued for 2 minutes for each solution, during 
which a stable N-PD for 10 to 20 seconds was achieved. Only 
measurements during which amiloride sensitivity was achieved 
were considered successful. The measurement was discontinued 
if the infant became restless or if the electrode showed an 
obvious change of position. N-PD measured during perfusion 
with physiological saline served as a reference in calculating 
effects of amiloride and chloride-free perfusions.
 To ensure the stability and compatibility of readings 
from the silver-wire exploring electrode, separate experiments 
were performed on five adult volunteers and tested against a 
conventional method with an agar-bridge electrode (Alton et al. 
1990). The baseline current, determined with the present 
method versus the conventional method, was -16.0 (± 3.6) and 
-16.2 (± 3.5) mV (n.s.), and the amiloride-sensitive current -6.4 
(± 1.1) and -6.8 (± 3.3) mV (n.s.).

STATIC LUNG COMPLIANCE

To assess the functional correlate of the lung mechanics in 
newborn infants in Studies II and III, LC was  measured, a sign 
of the elasticity of the lungs calculated from the change in 
volume per unit change in pressure. This was  done through 
induction of the Hering Breuer inflation reflex of infants 
(Rabbette et al. 1994); we applied the double occlusion 
technique using a computerized pulmonary function-testing 
device with an automated occlusion valve (Labmanager 4.52i, 
Erich Jaeger GmbH, Hoechberg, Germany) (Fletcher et al. 
1996). During each sudden, short interruption of breathing, the 
pressure in the respiratory system equilibrates. The change in 
pressure and volume from each occlusion throughout 
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expiration allows  calculation of static LC (Chernick et al. 2002). 
This testing was  performed according to standards set by the 
combined Task Force of the European Respiratory Society and 
the American Thoracic Society (Gappa et al. 2001).
 To ensure that LC measurements were performed 
during quiet non-REM sleep, a subset of patients in Studies II 
and III were studied during polysomnographic follow-up. This 
included two electroencephalograms (C3A2, O2A1), two electro-
oculograms, chin electromyogram, and airflow and pulse 
oximetry recordings. In the remaining  subjects, quiet sleep was 
determined by direct observation of the absence of eye and 
body movements, use of accessory respiratory muscles (i.e. 
absence of the abdominal breathing characteristic of REM 
sleep), and regular breathing shown by an airflow signal. Airflow 
and LC measurements were taken with a pneumotachometer 
connected to a full-face mask. No significant difference in LC 
appeared between infants studied under polysomnography and 
those studied under visual observation (19.7 ± 2.5 and 19.9 ± 1.6 
mL/kPa/kg, n.s.). 

STATISTICS

In all studies, patient data are given as mean ± standard 
deviation. In Study I, data are mean ± standard deviation, and 
comparisons between preterm and term groups were by the 
Mann-Whitney U-test. In Studies II to IV, study data are mean ± 
standard error of means. In Study II, comparisons were 
performed with the Mann-Whitney U-test or the paired t-test; 
the Pearson test served for correlations. In Study III, 
comparisons were performed with the Friedman-Dunn test or 
the Mann-Whitney U-test, which was  corrected for multiple 
measurements; the Spearman test served for correlations. In 
Study IV, comparisons were performed with the Wilcoxon 
matched pairs  test or the Mann-Whitney U-test, correlations 
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were performed with the Spearman test. All tests were 
performed with GraphPad Prism version 4.00 for Windows and 
4.0b for Mac (GraphPad Software, San Diego, CA, USA). P < 
0.05 was considered statistically significant.
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PATIENTS

RECRUITMENT

All mothers of newborn infants were recruited at the 
Department of Obstetrics several hours prior to giving birth. 
Recruitment was performed when mothers were admitted to the 
hospital. In the case of premature infants treated with 
dexamethasone, patients were recruited and informed consent 
was obtained from the parents  at the Neonatal Intensive Care 
Unit of the Hospital for Children and Adolescents.

STUDY I

Twelve newborn infants were studied for airway epithelial ENaC 
subunit expression within 5 hours  after birth (Table 1). All seven 
control term infants were healthy, whereas the five preterm 
infants  had RDS. From 18  days to 24 h before delivery, the 
mothers had received ante partum betamethasone treatment as 
a total of one to four doses of 12 mg intramuscularly. Ante 
partum terbutaline had been given to two mothers: One 
received an infusion of 1 mg/h for 6  hours which was 
discontinued 5 hours before delivery; the second received 5 mg/
h for 48  hours  until delivery. None of the mothers  had 
preeclampsia, and none had diabetes or any other chronic 
conditions imposing additional risks to pregnancy. The five 
preterm infants received an average of two doses of surfactant 



(Curosurf ®, Chiesi, Parma, Italy) and their initial arterial-to-
alveolar oxygen tension-ratio of was 0.05 to 0.8.

TABLE 1.
CLINICAL CHARACTERISTICS OF NEWBORN INFANTS

Term subjects
Study I

(n=7)
Study II

(n=20)
Study III

(n=41)
Study IV

(n=61)
Male/Female 2/5 10/10 19/22 27/34
Vaginal delivery/Cesarian section 6/1 13/7 19/22 28/33
Gestational age (weeks) 39.3±0.9 39.6±1.5 39.5±1.4 39.6±1.0
Birth weight (kg) 3.72±0.38 3.7±0.6 3.67±0.46 3.66±0.37
Cord Artery Blood pH 7.29±0.1 7.29±0.06 7.30±0.05
APGAR 1 min (mean) 9 9 9 9

Preterm  subjects (n=5) (n=29)

Male/Female 3/2 14/15
Vaginal delivery/Cesarian section 4/1 3/26
Gestational age (weeks) 27.2±0.9 31.1±3.5
Birth weight (kg) 0.9±0.28 1.83±1.16
Cord Artery Blood pH 7.26±0.1 7.29±0.06
APGAR 1 min (mean) 6 7

Preterm subjects on DEX (n=4)

Male/Female 3/1
Vaginal delivery/Cesarian section 3/1
Gestational age (weeks) 24.9±0.2
Birth weight (kg) 0.76±0.18
Postnatal age at treatment (days) 43±6
Postnatal weight at treatment (kg) 1.21±0.26
Days to extubation after DEX 2-5

Four additional preterm infants suffering prolonged respiratory 
distress were studied for airway epithelial ENaC expression 
(Table 1). Treatment with dexamethasone was started at 43 ± 6 
postnatal day (GA = 24.9 ± 0.2 wk, BW = 764 ± 178  g) to achieve 
extubation. These infants received dexamethasone at a dose of 
0.2 mg/kg per day as two daily doses for 3 days, and thereafter at 
0.1 for 3 and 0.05 mg/kg per day for 5 days. Initial samples were 
gathered prior to the commencement of dexamethasone 
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treatment. Subsequently, samples  were gathered in these 
patients at 7 to 20 hours after the initial dose. All four infants 
were successfully weaned from the ventilator at 2 to 5 days after 
initiation of treatment. The FIO2 of the infants studied fell from 
0.6  ± 0.18  to 0.34 ± 0.05 during the first 3 days of 
dexamethasone treatment.

STUDY II

In Study II, N-PD and LC were measured on 20 healthy term 
newborn infants at 1 to 4 and again at 21 to 24 hours after birth 
(Table 1). All mothers  were healthy and all pregnancies 
uneventful. Breech presentation or previous cesarean section 
were indications for an elective cesarean section.
 Between the two groups, the clinical characteristics  of 
infants  born vaginally and by cesarian section showed no 
significant difference. 

STUDY III

Subjects  in Study III comprised 41 healthy term newborn 
infants, of whom 17 were included in Study II (Table 1). These 
infants  were studied at 1 to 4, 21 to 27, and 45 to 50 hours after 
birth. These mothers were healthy, and all pregnancies were 
uneventful. Of these 41, 19 infants were delivered vaginally and 
22 by cesarean section. Indications  for an elective cesarean 
section were breech presentation or previous cesarean section.

STUDY IV

We included a total of 90 newborn infants for Study IV (Table 
1), and studied them at 1 to 5 and 22 to 28  hours after birth for 
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airway epithelial ENaC subunit expression. Of these, 29 infants 
were born preterm (GA < 37 weeks). Of the mothers of preterm 
infants, 24 had received antenatal betamethasone, 4 had 
preeclampsia, and one had chorioamnionitis. In four cases, 
delivery followed premature rupture of the membranes  for 
more than 24 hours previously. One infant developed sepsis. 
RDS was diagnosed by an attending clinician and BPD 
according to approved diagnostic criteria (Jobe et al. 2001).

ETHICAL CONSIDERATIONS

The Helsinki University Hospital Ethics  Committee for 
Obstetrics and Gynecology approved all study protocols. All 
parents gave their informed consent.
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EVALUATION OF THE RESULTS

ENAC EXPRESSION STUDIES

Airway epithelial ENaC expression was studied in Studies I, III, 
and IV. Expression of α-, β-, γENaC, or CK18  occurred in all 
nasal epithelial samples.
 In Study I, expression of all ENaC subunits in the nasal 
epithelium at 1 to 5 hours after birth was significantly lower in 
preterm infants who had RDS than in healthy term infants 
(preterm vs. term infants: α- and βENaC: P < 0.05; γENaC: P < 
0.005; Table 2; Study I: Figure 1). We concluded that in newborn 
preterm infants low airway αENaC expression may be linked 
with RDS. In Study IV, in infants born at a GA of 25 weeks and 
5 days to 42 weeks, a significant correlation existed between the 
expression of α- and βENaC and GA at 1 to 5 hours after birth 
(αENaC: n = 89, r = 0.418, P < 0.0001; Study IV: Figure 1; 
βENaC: n = 82, r = 0.338, P < 0.005). Between γENaC and GA no 
significant correlation existed. At 1 to 5 hours after birth, 
expressions of α-, β- and γENaC subunits were significantly 
lower in preterm infants (GA < 37 weeks) than in term infants 
(αENaC: P < 0.0001; βENaC: P < 0.005; γENaC: P < 0.01; Table 
2; Study IV: Figure 2). Differences in levels  of expression of all 
ENaC subunits  between the two groups were no longer 
significant at 22 to 28 hours after birth.



TABLE 2.
RESULTS OF AIRWAY EPITHELIAL ENAC EXPRESSION EXPERIMENTS

Study I1 Study III Study IV

Measurement Preterm Term Term Preterm Term
ENaC1, ≤5 h2

αENaC
5.4±2.0

n=5
9.1±2.3

n=7
8.1±0.7

n=35
4.7±0.6

n=29
9.5±0.7¶

n=60

βENaC
2.4±1.4

n=5
4.3±1.1

n=7
12.0±1.4 ¶§

n=34
8.3±1.5§

n=26
14.7±1.5*

n=56

γENaC
2.4±0.1

n=5
6.8±3.2

n=7
19.1±5.9 ¶

n=35
3.8±1.7

n=20
14.3±3.9§

n=54
ENaC, ≥21 h3

αENaC
7.7±1.2

n=29
4.1±1.3

n=17
7.1±1.0¶

n=45

βENaC
4.0±0.8 ¶

n=27
3.2±0.7§

n=17
4.7±1.0*

n=41

γENaC
8.7±4.5 ¶

n=27
1.1±0.4

n=11
4.7±2.8§

n=40
ENaC, 45-50 h

αENaC
7.5±1.1

n=27

βENaC
2.6±0.7§

n=26

γENaC
2.2±0.7 ¶

n=24

Statistical comparisons were performed within the subject category
1 Data are mean ± standard deviation
2 ENaC, airway epithelial expression of the Epithelial Sodium Channel (amol/
fmol CK18)
3 1 to 5 hours after birth in Studies I and IV; 1 to 4 hours after birth in Study III
4 21 to 27 hours after birth in Study III; 22 to 28 hours after birth in Study IV
* P < 0.0001
§ P < 0.005
¶ P < 0.05

In Study IV, in infants developing  RDS, airway epithelial ENaC 
expression did not significantly differ in those surviving without 
RDS. It is  possible that the samples were gathered too soon 
after birth and not during the phase of severe RDS. In addition, 
amount of expression is  not always reflected in amount of 
functional protein on the plasma membrane. The level of 
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immediate postnatal expression may have been maximal due to 
early response to respiratory distress.
 In the four preterm infants  sampled after several weeks 
of assisted ventilation in Study I, expression of α- and βENaC 
(amol/fmol CK18) increased markedly after commencement of 
dexamethasone treatment. Initial αENaC was 47.9 ± 26.1, 
βENaC was 12.4 ± 7.3, and γENaC was 2.9 ± 1.3. Twenty hours 
after treatment with dexamethasone, an increase occurred of 
143 ± 155% from basal level in the expression of αENaC (amol/
fmol CK18) and an increase of 195 ± 130% in the expression of 
βENaC (amol/fmol CK18). In three patients, γENaC expression 
(amol/fmol CK18) increased slightly, whereas in one patient, 
expression decreased (Study 1: Figure 2). As these infants were 
subjected to constant irritation of the nasal epithelium due to 
nasogastric feeding tubes and intubation tubes, we analyzed the 
expression of CK18  to rule out the possibility of damage to the 
epithelium. However, CK18  expression levels were similar to 
those in newborn preterm infants. 
 In Study III, no significant change emerged in the 
expression of αENaC in the serial samples of term newborn 
infants. Expressions of β- and γENaC, however, decreased 
significantly, expression of βENaC already during the first 21 to 
27 hours  after birth (Table 2; Study III: Figure 2). In preterm 
infants in Study IV, αENaC expression did not change 
significantly during the study period. In term infants, αENaC 
expression was significantly lower at 22 to 28  than at 1 to 5 
hours after birth (Table 2). In both groups, βENaC expression 
was significantly lower at 22 to 28  than at 1 to 5 hours (Table 2; 
Study IV: Figure 2). In term infants, γENaC expression was 
significantly lower at 22 to 28  than at 1 to 5 hours after birth 
(Table 2). 
 We showed that βENaC expression is  highest close to 
birth and decreases drastically during the first postnatal day. 
Further, expression of γENaC after birth decreases, but with a 
great variation in its  level of expression. Contrary to the initial 

47



hypothesis, however, we saw no postnatal change in the 
expression of αENaC in Study III. In the larger population in 
Study IV, only a small decrease in αENaC expression occurred 
during the first day of life in the airway epithelium of healthy 
term infants. This indicates that either the expression of αENaC 
had already peaked prior to sampling or that in the healthy term 
infant αENaC expression level is  sufficient for eventual channel 
assembly and function—even prior to birth. Whereas αENaC is 
considered crucial for successful postnatal adaptation, it is 
apparent that in the healthy term infant, postnatal changes in 
airway epithelial expression of the other two subunits are more 
profound, which emphasizes their individual roles. Preterm 
newborn infants  seem to show a slightly different expression 
pattern.
 Since in Study III, the infants delivered by cesarean 
section showed a tendency to greater increase in LC (Table 4; 
Study III: Figure 1), albeit not statistically significantly, we 
quantified the difference in ENaC subunit expression between 
the two groups. A significant difference appeared in the 
expression of αENaC between infants born vaginally (5.0 ± 1.6 
amol/fmol CK18, n = 12) and infants born by cesarian section at 
21 to 27 hours after birth (9.7 ± 1.6 amol/fmol CK18, n = 17, P < 
0.05; Study III: Figure 3). Moreover, at 21 to 27 hours after 
birth, the expression of γENaC was lower in infants  born 
vaginally (0.5 ± 0.2 amol/fmol CK18, n = 11) than in infants born 
by cesarean section (14.3 ± 7.4 amol/fmol CK18, n = 16, P < 
0.05). In Study IV, lower expression of α-, β-, and γENaC in term 
infants  born vaginally than in those born by cesarean section 
occurred at 22 to 28  hours after birth, but this was of only 
significant in β- and γENaC (vaginal delivery (amol/fmol CK18): 
αENaC: 5.1 ± 1.2; βENaC: 3.7 ± 1.3; γENaC: 0.8  ± 0.3; cesarean 
delivery: αENaC: 8.7 ± 1.4; βENaC: 5.5 ± 1.3; γENaC: 7.9 ± 4.9; P 
= 0.06, P = 0.04, P < 0.01, respectively). In conclusion, it seems 
that airway epithelial ENaC expression remains high in term 
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infants  born by cesarean section, possibly related to a higher 
requirement of eventual sodium transport.
 The mothers of 24 preterm infants in Study IV had 
received antenatal betamethasone. The GA of these infants was 
30.1 ± 2.8  weeks, whereas the GA of the preterm infants whose 
mothers had not received betamethasone was 36.1 ± 0.5 weeks 
(P < 0.005). The time between the last dose of antenatal steroids 
and the first sampling (330 ± 70 hours) did not correlate with 
ENaC subunit expression. Of the 29 preterm infants, 15 were 
diagnosed with RDS (GA 28.8  ± 2.6 weeks vs. 33.5 ± 2.5 weeks 
in preterm infants without RDS; P < 0.0005), and 6 developed 
BPD (GA 27.6 ± 1.6 weeks  vs. 32.0 ± 3.2 weeks in preterm 
infants  without BPD (n=23); P < 0.005). Expression of ENaC 
subunits in infants  with RDS did not differ from expression in 
those without RDS. Expression of αENaC in the BPD group at 1 
to 5 hours  after birth was  lower than in preterm infants who did 
not develop BPD (2.4 ± 0.9 amol/fmol CK18  vs. 5.3 ± 0.7 amol/
fmol CK18, respectively; P < 0.05). In recent in vivo studies, the 
N-PD of preterm infants  with BPD has differed from that of 
unaffected preterm infants; the amiloride-sensitive component 
of N-PD is lower during the first postnatal days  (Thome et al. 
2006), or at 29 days after birth (Gaillard et al. 2007). However, 
age-matched infants in Gaillard’s study all had similar N-PDs at 
birth. It is possible that a low level of αENaC expression may be 
linked to later BPD, characterized by lower N-PD values.
 The commonly accepted paradigm of the importance of 
αENaC for postnatal lung fluid clearance is based mainly on 
experiments performed in animal models  (O'Brodovich et al. 
1991, Hummler et al. 1996). It is also possible that there exists a 
species-specific mechanism; this is suggested by our finding of 
GA-dependent ENaC expression in humans in contrast to no 
expression in mice until day 16 (Talbot et al. 1999). That the 
expression of subunits of ENaC in our studies was differentially 
regulated gives rise to questions about the differing functions of 
subunits. γENaC knock-out mice require more time for 
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postnatal pulmonary adaptation (Barker et al. 1998). The γ-
subunit is also important for ENaC trafficking (Konstas et al. 
2003). Recently, the role of β- and γENaC has been highlighted 
in several experiments, both in animals and humans. Elias  et al. 
(2007) have shown that in cultured fetal rat lung explants, 
absorption of the additional edema fluid is markedly decreased 
in explants from β- and γENaC knock-out mice, while no 
difference from wild-type mice appears in explants from αENaC 
knock-out mice. The over-expression of βENaC, but not of α- or 
γENaC, results in cystic-fibrosis-like excessive absorption of 
sodium by the respiratory epithelia (Mall et al. 2004). A possible 
regulatory role has also been suggested for γENaC: The inferior 
human nasal turbinate shows an inverse correlation with 
γENaC expression and amiloride-sensitive N-PD (Otulakowski 
et al. 1998). No such relation emerged in Study III of healthy 
term newborn infants, thus highlighting the importance of 
further clinical function studies.
 In humans, little data exists  as  to the respiratory status 
of newborn infants with pseudohypoaldosteronism type I, a rare 
genetic disease in which the expression of ENaC subunits  is 
decreased (Bonny et al. 1999). Reports have ranged from ones 
describing infants with severe RDS postnatally (Malagon-
Rogers 1999, Akcay et al. 2002) to those describing infants 
without respiratory distress (Kerem et al. 1999). During the first 
years  of life, respiratory diseases are common in children with 
systemic pseudohypoaldosteronism due to an excess  volume of 
airway surface fluid, reflecting defective sodium transport 
(Kerem et al. 1999). Low-level ENaC activity seems sufficient for 
immediate postnatal adaptation in some phenotypes  (Bonny et 
al. 1999). This suggests that low airway epithelial expression of 
ENaC in prematurely born infants may, however small, be 
sufficient for minimum ENaC activity. In regard to our studies 
on ENaC expression, it is likely that the potential for higher 
sodium channel activity is apparent in late gestation.
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NASAL POTENTIAL DIFFERENCE MEASUREMENTS

N-PD was measured from healthy term newborn infants in 
Studies II and III. There occurred no significant change in N-
PD of infants between 1 to 4 hours and 21 to 48  hours after 
birth (Table 3). In Study III, N-PD at 1 to 4 hours, 21 to 27 
hours, and 45 to 50 hours after birth between infants  born 
vaginally or by cesarean section did not differ significantly 
(Table 3). This  finding contradicts an earlier report in which the 
N-PD of term infants born by elective cesarean section had 
significantly higher basal N-PD and a lower response to 
amiloride than did term infants  born vaginally (Gowen et al. 
1988), but it agrees  with a more recent one (Gaillard et al. 2003). 
This is interesting, since we demonstrated a higher increase in 
LC in infants born by cesarean section during  the first 21 to 27 
hours after birth, suggesting more efficient lung fluid removal in 
such infants.
 In several earlier studies the amiloride-sensitive 
component of N-PD has  been over 50% of total N-PD, higher 
than in our Studies II and III. In one term population an over 
50% amiloride-sensitive component appeared (Gaillard et al. 
2003). There are clear explanations  for this discrepancy: Our 
first measurements were performed very early, when the 
epithelial sodium transport had possibly not yet reached its 
peak; measurement protocols in these studies differed 
somewhat from each other, our studies having  been made with a 
slightly altered version of a protocol including a silver-wire 
exploring electrode (Fajac et al. 1998).
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TABLE 3.
RESULTS OF NASAL POTENTIAL DIFFERENCE EXPERIMENTS

Study II Study III

Measurement All
Vaginal 
delivery

Cesarian 
section

All
Vaginal 
delivery

Cesarian 
section

N-PD, 1-4 h (n) 20 13 7 34 15 19

Basal, mV -14.3±1.9* -14.8±2.8* -13.3±2.2* -17.2±1.6* -15.2±2.3* -18.7±2.1§

Residual, mV -8.8±1.7* -8.8±2.3* -8.7±2.4* -10.5±1.5* -8.4±2.0* -11.4±2.3§

Amiloride, % 44.0±4.2 46.5±4.8 39.4±8.4 39.9±3.2 46.1±5.1 35.1±3.9
N-PD, ≥21 h1 (n) 16 10 6 22 12 10

Basal, mV -14.6±2.3* -13.9±3.0* -15.7±3.8§ -16.7±2.5§ -17.3±3.6¶ -16.1±3.8§

Residual, mV -9.0±1.9* -8.5±2.5* -10.0±3.0§ -11.8±2.2§ -14.5±3.2¶ -8.7±2.6§

Amiloride, % 43.4±3.7 45.4±4.9 40.2±6.0 37.5±4.7 33.3±7.3 42.3±5.7
N-PD, 45-50 h (n) 21 7 14

Basal, mV -16.7±2.2* -13.0±3.0¶ -18.9±2.8*

Residual, mV -10.2±1.6* -7.4±2.3¶ -11.6±2.0*

Amiloride, % 42.6±4.0 49.0±6.0 39.4±5.1

Statistical comparisons were performed within the subject category
N-PD, transepithelial nasal potential difference
Amiloride, %, percentage of amiloride-inhibition of current at flush
121 to 48 hours after birth in Study II; 21 to 27 hours after birth in Study III
* P < 0.0001
§ P < 0.005
¶ P < 0.05

LUNG COMPLIANCE MEASUREMENTS

LC was measured from healthy term newborn infants in Studies 
II and III. Because respiratory morbidity is higher in term 
infants  born by elective cesarean section (Jain et al. 2006), 
special attention was paid to the method of delivery. In both 
Studies, a significant increase in LC was found during the study 
period in both the vaginally born infants and the infants born 
by cesarean section (Table 4). Comparison of LC values within 
each time period revealed no significant differences dependent 
on method of delivery.
 The results in Table 4 for LC are somewhat higher than 
in reference data, but because the respiratory system’s 
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resistance is dependent on, for example, age and body size, 
limits of normality remain to be established (Gappa et al. 2001). 
In our studies, however, we have paid special attention to sleep-
stage analysis  to ensure that the measurements were performed 
at non-REM sleep. The sleep stage at which LC is measured 
may affect the Hering  Breuer inflation reflex and, therefore, also 
the results. The reflex is most reliably induced in non-REM 
sleep.

TABLE 4.
RESULTS OF LUNG COMPLIANCE EXPERIMENTS

Study II Study III

Measurement All
Vaginal 
delivery

Cesarian 
section

All
Vaginal 
delivery

Cesarian 
section

LC, 1-4 h (n) 19 12 6 32 15 17

mL/kPa/kg 17.3±1.4§ 15.9±1.3 18.0±2.8 16.3±1.1¶ 15.0±1.2¶ 17.4±1.8¶

LC, ≥21 h1 (n) 20 13 7 22 10 12

mL/kPa/kg 22.8±2.2§ 23.1±2.4 22.1±4.6 21.8±1.8 22.2±3.3 21.5±2.1
LC, 45-50 h (n) 21 10 11

mL/kPa/kg 24.1±1.7¶ 21.7±1.9¶ 26.4±2.7¶

Statistical comparisons were performed within the subject category
LC, static lung compliance
121 to 48 hours after birth in Study II; 21 to 27 hours after birth in Study III
§ P < 0.005
¶ P < 0.05

CORRELATIONS

N-PD and LC measurements were performed in Study II. ENaC 
expression, N-PD, and LC were measured in Study III.
 Expression of ENaC subunits in Studies II and III did 
not correlate with LC or N-PD. This finding can be attributed to 
the fact that the functional measurements were performed on 
term newborn infants only. We show that ENaC expression is 
gestational-age dependent; the level of expression may therefore 
be more important for preterm than for healthy term newborn 

53



infants  in whom amount of plasma membrane ENaC may 
significantly exceed the level needed for sufficient amiloride-
sensitive N-PD. It is also possible that additional mechanisms 
contribute to transport of fluid through the respiratory 
epithelium. For example, cyclic nucleotide-gated channels 
responsible for amiloride-insensitive sodium transport exist in 
adult rat lung epithelium (Norlin et al. 2001), although they are 
considered unlikely to play a role in perinatal pulmonary 
adaptation (Junor et al. 1999, Kemp et al. 2001, Rafii et al. 2002). 
 In Studies II and III, a significant correlation existed 
between amiloride-sensitive N-PD, a correlate of sodium 
transport, at 1 to 4 hours  and LC at 21 to 48  hours after birth (r2 

= 0.40; P < 0.003; Study II: Figure). A correlation appeared 
between initial amiloride-sensitive N-PD and change in LC 
between the two time-points (r2 = 0.31; P < 0.05; n = 19). We 
confirmed in Study III a positive correlation between amiloride-
sensitive N-PD measured at 1 to 4 hours and LC measured at 21 
to 27 hours after birth (r = 0.478, P < 0.05, n = 18). No such 
correlation appeared with earlier or later compliance 
measurements. 
 In the functional studies of ion transport in term 
infants, we demonstrated that amiloride-sensitive N-PD 
remained unchanged, whereas LC increases during  the early 
postnatal period. This could be explained by a very rapid 
increase in sodium transport activity prior to the first N-PD 
measurement. 
 Newborn preterm infants (≤ 31 weeks of gestation) with 
RDS have a lower baseline N-PD than do non-affected age-
matched infants (Barker et al. 1997). Contradictory to this, in a 
study on moderately preterm infants (29 – 36 weeks of gestation) 
N-PD was positively associated with maturity and mechanical 
ventilation, but not with need for supplemental oxygen, and 
showed a very high N-PD response to amiloride (Gaillard et al. 
2005). However, no one of these infants was suffering from 
severe RDS, and they were already breathing room air on the 

54



third postnatal day. Recent reports on newborn preterm infants 
have shown that N-PD increases with GA and that even in a 
very premature infant a large proportion of the current is 
amiloride-sensitive, suggesting that an absorptive mechanism is 
already in place (Thome et al. 2006, Gaillard et al. 2007). Our 
studies failed to reveal any significant difference in airway 
epithelial expression of ENaC among preterm infants with or 
without RDS. However, our epithelial scrape samples were 
gathered at a much earlier time-point than were the 
measurements of N-PD of these other studies.
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FUTURE PROSPECTS

The aim of this work was to elucidate how ion transport in the 
airway epithelium takes place during the postnatal adaptation 
and how it affects postnatal pulmonary adaptation. In newborn 
infants  no previous data exist on airway epithelial ENaC 
expression. These measurements coupled with functional 
measurements performed at an early postnatal period allowed 
investigation of the role of ENaC in postnatal pulmonary 
adaptation.
 Preterm infants are more likely to suffer from RDS than 
are term infants. We showed that preterm birth is associated 
with low airway epithelial expression of ENaC subunits  and that 
α- and βENaC expression correlated with GA. Functional 
measurements could not be performed on preterm infants. Low 
airway epithelial ENaC expression in the preterm infant may 
result in a lower amount of sodium transport from the perinatal 
lung lumen, leading to inefficient lung fluid clearance. Study IV 
showed no significant difference in ENaC expression between 
preterm infants without RDS and those suffering from the 
disease. This is a finding from a preterm population limited in 
size, and it calls for more focused studies.
 We also demonstrated in both preterm and term 
newborn infants that expression of individual ENaC subunits in 
the airway epithelium differ at birth and that a significant 
decrease occurs  in the expression of βENaC after birth in both 
groups. Varying subunit combinations of ENaC differ in their 
activity (Eaton et al. 2004), and the early change in expression 



may reflect the requirement for rapid fluid removal and, within 
days, the maintenance of low amounts of fluid lining the 
alveolar walls. 
 Future studies on postnatal pulmonary adaptation 
should include a quest for some channel expression—or 
function—inductor. Knowledge of subunit-specific individual 
expression profiles may be useful in these studies.
 The finding of N-PD, a surrogate measurement of 
sodium transport, correlating with LC underscores the 
importance of sodium transport in postnatal lung fluid 
clearance. No correlations  emerged between ENaC expression 
and functional measurements in term newborn infants. In the 
term infant, ENaC expression, related to ENaC activity, is likely 
to be sufficient for normal pulmonary adaptation and may not 
be the rate-limiting step. In the preterm infant, however, its 
correlation with functional measurements remains unclear.
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CONCLUSIONS

The fetal lung is filled with fluid which provides  support for 
normal lung growth. At birth, the newborn infant must rapidly 
clear its  lungs of this  excess fluid to be able to commence 
breathing. In experimental animals the most crucial element of 
this pulmonary adaptation at birth is sodium transport from the 
lungs through the pulmonary epithelium. ENaC is the rate-
limiting pathway in sodium transport, resulting  in passive 
movement of water in the same direction. 
 The studies presented here show that expression of the 
airway epithelial sodium channel is dependent on GA, and that 
in preterm infants, administration of glucocorticosteroids 
induces expression of epithelial sodium channels. It may be 
suggested that the lack of functional airway epithelial sodium 
channel contributes to respiratory distress of the preterm infant 
and that induction of channel expression by glucocortico-
steroids should attenuate the disease. In addition, these studies 
depict a correlation between the epithelial sodium channel 
activity, amiloride-inhibited N-PD, and LC, indicating that 
trans-epithelial sodium transport is  important in the postnatal 
reduction of lung liquid.
 Since epithelial sodium channel expression is 
gestational age- dependent, we conjecture that low amounts of 
ENaC contribute importantly to RDS in the preterm infant.
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