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Summary 

In the hormonal control of sodium transport in the lung via glucocorticoids there is 

substantial evidence that supports a central role for serum- and glucocorticoid-kinase 

(SGK1).  The activity of this kinase is dependent upon phosphorylation of two distinct 

residues by the target of rapamycin complex 2 (TORC2) and phosphoinositide-

dependent Kinase 1 (PDK1), both of which are dependent upon Phosphoinositide-3-

Kinase (PI3K).  However, SGK1 knockout mice do not display any pulmonary 

abnormalities.  Thus the role that SGK1 plays is not fully understood.  In this thesis I 

have explored the role of this kinase in dexamethasone-induced ENaC activity in the 

H441 human bronchiolar cell model. 

 

Dexamethasone-deprived cells do not display ENaC activity as there is no amiloride 

sensitive current in these cells.   Groups of dexamethasone-treated H441 cells do 

display ENaC activity; however single cells do not display ENaC activity despite 

displaying an increase in current.  Thus cell-cell contact is vital to the development of 

amiloride sensitivity.  SGK1 activity does not mimic the electrophysiological effects of 

dexamethasone-stimulation as there is no amiloride sensitivity seen after ~3 hours 

despite a clear increase in SGK1 activity.  Furthermore after ~24 hours stimulation, 

there is a clear amiloride sensitive current although SGK1 activity is comparable to that 

of dexamethasone-deprived cells.  These findings further question whether SGK1 is 

required for dexamethasone-evoked ENaC activity. 

 

Inhibition of PI3K, TORC2 and SGK1 abolished ENaC activity.  However inhibition of 

TORC1 had no effect upon dexamethasone induced ENaC activity.  Thus demonstrates 

that the maintenance of glucocorticoid induced ENaC activity, in pulmonary epithelium, 

is dependent upon the PI3K-TORC2-SGK1 signalling pathway.  Furthermore PI3K 

plays a permissive, but critical role as its activity is required for SGK1 activity.  

However without SGK1 activity dexamethasone induced ENaC activity cannot be 

maintained. 
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Chapter 1 – General Introduction 
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The Respiratory system 

All metabolic processes that take place in living organisms require energy in order to 

function.  The most efficient way to provide this energy is through aerobic mechanisms 

that use oxygen (O2) and produce carbon dioxide (CO2).  Uptake and secretion of these 

gases is therefore vitally important and is achieved through diffusion.  Unicellular 

organisms can exchange these gases directly through the cell membrane with the 

external environment; however, in larger complex organisms it is not possible for every 

cell to be in contact with the external environment, therefore the development of 

specialised structures and organs, that could exchange O2 and CO2 for the whole animal, 

were vital for the evolution of large complex organisms. 

Functions of the respiratory system 

The primary function of the respiratory system is gas exchange. However, the act of 

inspiring air brings with it, its own set of problems, which the respiratory system has 

evolved to overcome. 

Gas exchange 

Air from the atmosphere during normal breathing is inspired through the nose and 

passes through the nasopharynx which performs the vital function of warming and 

humidifying the air.  This process is important as, without it, body temperature would 

drop, thereby optimal temperature for enzymatic function would not be maintained.  

Furthermore inspired air has a much lower humidity than air in the respiratory system 

thus, without first being humidified, water vapour would move into the air from the 

lining of the respiratory system, thereby reducing airway surface hydration.  By the time 

inspired air reaches the site of gas exchange, the alveoli, O2 has a pressure of 
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~100mmHg which is lower that atmospheric O2 which is ~159mmHg, because the 

partial pressure of O2 (PO2) in the alveoli is a combination of uptake and the supply.  

The pulmonary artery carries blood which has a low concentration of O2 (PO2 is 

~40mmHg), to the lungs; therefore O2 will move into the blood via diffusion.  However 

O2 must first dissolve into the fluid lining the alveoli before it can move via diffusion 

into the blood.  This imposes a possible barrier, as Fick’s law of diffusion states that the 

net rate of diffusion of a substance is inversely proportional to the thickness of what it 

must cross.  This means that while the liquid lining of the alveoli is extremely 

important, the control of its depth is equally important as, if the depth were to increase, 

then the time taken for O2 to move into the blood would greatly increase and could lead 

to insufficient gas exchange.  The reverse is true for CO2 where the PCO2 is higher in 

the blood than in the alveoli and CO2 is expelled.  Excess fluid in the lung has been 

shown to cause  inefficient gas exchange (Berger et al, 1996) and is a contributory 

factor in respiratory distress syndrome (RDS) which is a leading cause of death in 

premature and newborn infants (O’Brodovich, 1996).  Therefore tight regulation of 

alveolar hydration is vitally important to the healthy function of the respiratory system. 

Defence against infection 

However hydration of the respiratory system is not just important at the level of gas 

exchange, the periciliary liquid layer (PCL) also needs to be tightly regulated so that 

efficient mucociliary clearance can take place.  Mucus secreted into the airway lumen is 

constantly transported toward the pharynx, where it is then swallowed or expelled and 

has the purpose of trapping inhaled particles and potential pathogens.  The upward 

movement is the result of beating cilia which propel the mucus towards the pharynx. 

However, this is reliant on the adequate hydration of the PCL (Boucher, 1999).  This 

thin film of liquid is required so that the cilia can beat effectively and propel the 
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overlying, more viscous mucus towards the pharynx.  Improper hydration of the PCL 

results in the mucus layer collapsing into the cilia and, due to the higher viscosity, the 

cilia are unable to beat effectively thereby impairing mucociliary clearance. Impaired 

mucociliary clearance is associated with increased incidence of lung infection and is 

particularly evident in cystic fibrosis, a genetic disorder that results in improper 

hydration of the airway surface liquid (ASL) which is the collective name for the PCL 

and mucus layer (Boucher, 2004). 

Development 

The process of lung development is highly dependent upon a fluid template which 

provides the distending pressure required for the formation of the lung.  The closed 

vocal chords, larynx and nasopharynx help to prevent fluid escaping from the 

developing lung and therefore maintain the distending pressure (Brown et al, 1983; 

Fewell and Johnson, 1983).  Further evidence to support this is that pathological states, 

such as oligohydramnios that lead to a decrease in distending pressure, result in 

hypoplastic lungs and lungs of a smaller volume (Moessinger et al, 1986; Wallen et al, 

1990; Wallen et al, 1994) and the opposite also appears to be true as it has been 

reported that excess lung fluid results in larger and even hyperplastic lungs (Alcorn et 

al, 1977; Moessinger et al, 1990).  Furthermore, it has been shown that surgically 

created congenital diaphragmatic hernia results in hypoplastic lungs and that by causing 

tracheal occlusion, using surgically implanted silicon balloons to restore hydrostatic 

pressure, the extent of hypoplasia can be minimised (Nelson et al, 2005).  However, this 

study also found that this was improved by cyclical release of pressure every 47 hours. 

This may mimic foetal breathing movements, which appear to be required for normal 

lung growth (Wigglesworth and Desai, 1979).  Gas exchange would be impossible if 
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this fluid remained at birth, therefore the regulated clearance is vital to the survival of 

the newborn, as excess fluid can contribute to respiratory distress (O’Brodovich, 1996). 

The hydration of the respiratory system is therefore dynamic throughout development, 

birth and adult life. Without regulation of the process underpinning hydration, the 

respiratory system would not be able to carry out its required functions, which would 

lead to disease states such as cystic fibrosis, pulmonary oedema, RDS and, eventually, 

death. 

General Anatomy and physiology 

In order to function efficiently the respiratory system has evolved a very specific 

anatomy and physiology that contains specialised epithelial cells that line the respiratory 

lumen.  These cells act together to maintain sufficient hydration so that gas exchange, 

mucociliary transport and development are effective throughout foetal and adult life.  

One of the properties of these epithelial cells that enable them to maintain adequate 

hydration, is their ability to form selective barriers. 

Ability to form a barrier 

The formation of zonulae occludentes or tight junctions (TJ) by epithelial cells underlies 

their ability to form a sheet of cells that act as selective barriers.  TJ form a belt-like 

area around the circumference of a cell, close to the apical border, where protein 

complexes from adjacent cells interact, thus creating a barrier that can prevent the 

movement of molecules through extracellular pathways.  The formation of TJ naturally 

leads to the formation of polarity which underlines many of the vectorial transport 

systems in the body and results in an apical side and a basolateral side which are 

functionally different.  The degree of “tightness” of epithelial tissue can vary and is 

thought to be attributed to differences in membrane proteins that form the tight 
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junctions (for review see Bauer et al, 2010), and this degree of “tightness” has been 

suggested to affect the permeability of epithelia to ions and macromolecules (Frömter 

and Diamond, 1972), thereby both the polarity and tightness of airway epithelia are 

vitally important in maintaining the healthy functioning of the respiratory system.  The 

observation that cell-cell contact alters the electrical properties of airway epithelium 

(Brown et al, 2008) highlights the importance of cell contact in the ability of epithelial 

cells to form a barrier and carry out their required function. 

Anatomy 

The respiratory system has a very distinctive branching pattern from the trachea and can 

be divided into two main sections: the upper, conducting zone and the lower, respiratory 

acinus.  The conducting zone consists of the larynx, trachea, bronchi and terminal 

bronchioles.  As the name suggests these play no part in gas exchange and provide a 

low resistance pathway to the respiratory zone. The conducting airways also have an 

important role in defence against infection and it is in the upper airways that 

mucociliary transport occurs.  The respiratory zone consists of the respiratory 

bronchioles, alveolar ducts and alveolar sacs and all are involved in gas exchange.  The 

epithelia lining the airways act as specialised barriers that enable each part of the 

respiratory system to provide a specific function that is vital to its continued healthy 

functioning.
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Figure 1.1 shows a diagram of the respiratory system. Highlighted are the conducting airways.  The 

zoomed in view highlights the Airway surface liquid (ASL) and the mucus layer.  Cilia can be clearly 

seen and beat in order to propel the mucus layer towards the larynx. 

Cells of the airway epithelium 

The epithelium of the trachea down to the terminal bronchi is lined with 

pseudostratified epithelium. In the upper airways the epithelium is ciliated so as 

mucociliary transport can take place.  The epithelium contains mucous secretory cells 

known as goblet cells. These cells are found in the upper and lower respiratory tract and 

secrete mucins, which combine with other secretions from epithelial cells in the 

respiratory tract, to produce mucus which helps to protect the airway lining from 

mechanical and chemical damage and traps irritants and pathogens.  Goblet cells have 

been shown to increase in number in response to irritants (for review see Rodgers, 

2002). 
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Submucousal Glands 

These glands are found in the upper airways and secrete mucins, antimicrobial proteins 

and fluid which provide some of the components of mucus. Due to the morphology of 

the gland, the fluid secretions help to flush out the macromolecule secretions.  Fluid 

secretion helps to maintain the PCL required for mucociliary transport and secretion is 

stimulated by the vagus nerve (Haxhiu et al, 1990).  Administration of acetylcholine to 

excised bronchi mimics the effect of vagus nerve stimulation on gland secretion 

(Quinton, 1979; Trout et al, 1998).  However regulation of gland secretion is subject to 

control from other inputs such as ATP release from increased apical flow and 

hyposmotic stress (Guyot and Hanrahan, 2002).  It is thought that ATP causes a rise in 

intracellular calcium levels which induces Cl- secretion (Yamaya et al, 1996).  Fluid 

secretion is driven by Cl- and, to a lesser extent, by the secretion of bicarbonate, which 

is also secreted by submucousal glands.  The primary function of bicarbonate is to act as 

a buffer to resist changes in pH which would affect enzyme activity.  

The regulation of airway hydration to maintain efficient mucociliary transport is 

determined by the balance between fluid secretion via submucousal glands and the 

absorption of fluid by the epithelial cells lining the upper airways.  The nature of these 

processes will be discussed later. 

Another cell type found in the conducting airways is the Clara cell. These are cuboidal, 

non-ciliated cells found mainly in the bronchioles, although they are also found in the 

upper airways to a lesser extent (Broers et al, 1992).  They have a role in mucus and 

surfactant production and secretion and also play an important role in neutralising 

toxins, via cytochrpme P-450 enzymes.  Clara cell secretory protein is thought to have a 

protective role against the development of adenomas.  For example mice lacking Clara 

cell secretory protein are more susceptible to developing lung tumorigenesis when 
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exposed to a carcinogen (Yang et al, 2004).  Due to the distribution throughout the 

respiratory system, the role Clara cells play in airway hydration is likely to be minimal.   

 

The respiratory zone contains the alveoli which is the site of gas exchange.  In order for 

gas exchange to take place, the alveoli consist mainly of two types of epithelial cell: the 

squamous alveolar type I (ATI) pneumocyte and the cuboidal alveolar type II (ATII) 

pneumocyte that have specialised functions and morphology. 

Alveolar type I cells 

ATI cells only account for approximately 10% of the total cells in the normal human 

lung. However, due to their shape, thin flat squamous epithelium with cytoplasmic 

projections, they account for approximately 98% of the alveolar surface (Stone el al, 

1992).  This morphology, taking into account Fick’s law, allows for effective diffusion 

of gas into and out of the blood supply.  This also leads to the major obstacle into the 

study of this cell type as they are extremely fragile and isolation to create cultured ATI 

cells is very difficult to achieve.  Initially the existence of these cells was debated until 

electron microscopy studies provided indisputable evidence for the existence of an 

epithelial lining consisting of ATI and ATII cells (Low, 1952).  With advancements in 

techniques, much more has been learned about this cell type and its role in hydration.  

The discovery of the epithelial Na+ channel (ENaC) in ATI cells has changed the 

original view that ATII cells are the main source of Na+ transport that drives the 

absorption of fluid and suggests that ATI cells play a vital role in the transport of ions 

and thus hydration of the alveoli (Johnson et al, 2002; Bourke et al, 2005; Helms et al, 

2006).   
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Alveolar type II cells 

ATII cells are smaller than ATI cells and are cuboidal, with secretory granules called 

lamellar bodies that store the components of pulmonary surfactant.  Surfactant is the 

name given to all substances that can reduce surface tension. The production of 

surfactant is extremely important as, without it, the muscular effort required to 

overcome surface tension in order to prevent the lung collapsing, would be exhaustive.  

Immaturity of the surfactant producing system is a contributing factor of RDS in 

premature infants (O’Brodovich, 1996).  A great deal more is known about ATII cells 

as they are much easier to isolate and culture.  Kikkawa and Yoneda were the first to 

propose a method of isolation for in vitro studies in 1974 (Kikkawa and Yoneda 1974).  

As well as roles in pulmonary surfactant production, ATII cells act as progenitor cells 

that replace damaged ATI cells in the event of lung injury (Evans et al, 1973; Kim et al, 

2006) and provide a defence against infection as they synthesis immune effector 

molecules (Vanderbilt et al, 2003).  ATII cells were thought to be the primary source of 

Na+ transport in the alveoli and various studies have shown ATII cells to contain ENaC 

subunits using northern blot analysis, RT-PCR, immunoprecipitation and in situ 

hybridisation (Yue et al, 1995; Planes et al, 1997; Bove et al, 2010). 

The accepted paradigm for fluid absorption in lung alveoli is that uptake of Na+ 

generates osmotic gradients that fluid then follows passively.  The bulk of Na+ transport 

was thought to occur via ENaC in the ATII cells, with ATI cell providing a route for 

water via the aquaporin-5 channel (Nielson et al, 1997); however due to the large 

surface area of the ATI cells, it seemed likely that they might play a much more 

significant role in fluid absorption and a number of studies using isolated ATI cells and 

lung slice preparations support this view (Johnson et al, 2002; Bourke et al, 2005; 

Helms et al, 2006; reviews: Dobbs and Jonhson, 2007; Eaton et al, 2009). 
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Nature of ionic transport in relation to fluid secretion and 

absorption 

Osmosis is the movement of water across a selectively permeable membrane, such as 

the plasma membrane of cells, from an area of high water concentration (or low solute 

concentration) to an area of low water concentration (or high solute concentration).  

Proteins that span the plasma membrane form channels that allow for the selective 

transport of ions.  Large charged molecules can cause the uneven distribution of ions in 

what is known as the Gibbs-Donnan law; however, in most cases, the potential caused 

by this effect is not sufficient to account for the differences seen in ionic concentrations 

between two fluids, such as that between lung fluid in the developing foetus and that of 

the plasma (Adamson et al, 1969).  The active transport of specific ions leads to the 

generation of osmotic gradients that either favours fluid secretion or absorption. 

The Na+/K+ ATPase exchanger pumps out Na+ in a ratio of three Na+ ions out for two 

K+ ions in.  This helps to keep the intracellular concentration of Na+ low (~10mM), 

therefore creating a chemical gradient that favours the uptake of Na+ from the 

surrounding fluid.  The ratio of Na+ out to K+ ions in means that there is a net loss of 

positive charge from the cell, resulting in a negative potential, thus the effect of the 

Na+/K+ ATPase is to generate an electrochemical gradient that favours Na+ entry into 

the cell, for example via ENaC.  In order to prevent depolarisation of the cell from build 

up of K+ concentration, K+ channels present in the membrane allow K+ to “leak” out of 

the cell down the chemical gradient.  The polarised nature of the respiratory epithelium 

means that vectorial transport of ions can be achieved.  The Na+/K+ ATPase is located 

on the basolateral side of the cell and ENaC located in the apical membrane, thus the 

electrochemical gradient set up by the Na+/K+ ATPase favours the entry of Na+ via the 
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apical ENaC channels.  Thus the movement of Na+ creates an osmotic gradient that 

fluid can follow passively, either through the paracellular pathway or via aquaporins. 

Secondary Active Transport 

The electrochemical gradient favouring Na+ entry generated by Na+/K+ ATPase can 

provide the driving force for secondary active transport and it is this property that is 

thought to govern fluid secretion.  Cl- enters the cell via the basolateral Na+, K+, 2Cl- 

co-transporter (NKCC) thereby elevating the intracellular Cl- concentration,  allowing 

Cl- to exit via apically located Cl- channels, therefore creating an osmotic gradient 

which water will follow.   As in the Na+ absorption model, K+ channels located in the 

basolateral membrane help prevent depolarisation of the cell by allowing K+ to exit.  

This model of Cl- was first put forward by Silva et al in 1977 and is a form of secondary 

active transport (Silva et al, 1977). 
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Figure 1.2 Simple diagram of fluid absorption and secretion.  Na+ / K+-ATPase generates an 

electrochemical gradient that favours Na+ entry via apical Na+ channels, thus creating an osmotic gradient 

favouring fluid absorption via the paracellular pathway or via aquaporins (AQP) located in the membrane.  

K+ exits the cell via basolateral K+ channels to prevent depolarisation from K+ build up.  Cl- enters the 

cell via the NKCC co-transporter, thus raising the intracellular [Cl-] and Cl- is secreted through apical Cl- 

channels.  This creates an osmotic gradient that favours the secretion of fluid through the paracellular 

pathway or possibly through aquaporins (AQP).  K+ channels help prevent depolarisation as in the model 

of Na+ absorption.   Thus the balance between Na+ absorption and Cl- secretion determines the hydration 

of the respiratory system. 

 

The regulation of Na+ absorption and Cl- secretion and the balance between this is the 

major determinate of respiratory hydration and therefore the mechanism involved in 

their regulation is of critical importance.  Furthermore the identification of the specific 
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channels involved is of equal importance so that strategies can be developed to treat 

diseases which result from impairment of these processes. 

Importance of hydration in development 

As discussed earlier, lung development needs a fluid template, required to provide 

distending pressure.  The origin of this fluid was first assumed to be inhaled amniotic 

fluid. However, a study by Adamson and colleagues (Adamson et al, 1969) showed that 

there were differences between the compositions of the two fluids: the concentrations of 

phosphate and HCO- were lower and Cl- and H+ were higher in lung liquid than in either 

amniotic or plasma filtrate and therefore could not be due to a mixing of amniotic and 

plasma filtrate.  Furthermore the Gibbs-Donnan law could not explain this difference as 

there were low levels of protein in lung fluid. This lead them to the conclusion that the 

lung liquid must be the result of secretions by the foetal lung and not a mixture of 

amniotic and plasma filtrate (Adamson et al, 1969).  Coupled with the observation that 

lung epithelium is very permeable to water (Normand et al, 1971), this lead to the 

theory that active transport of ions could be the driving force for fluid movement from 

the plasma to the lungs.  Olver and Strang undertook work to study the movement of 

ions between the plasma and lung liquid in foetal lambs and to compare these results 

with the predicted movement of ions based on the electrochemical gradient in order to 

determine whether active transport of a specific ion or ions could be the determinate of 

the fluid secretions in the developing lung.  This was achieved by adding radioactively 

labelled ions to either the lung liquid or into the blood stream via intravenous injection 

and then measuring samples taken from either the lung liquid or blood for radioactivity.  

Using this approach they were able to determine that Cl- was actively transported and 

secreted into the lung lumen and that Na+ follows passively. This movement of NaCl 
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creates an osmotic gradient that generates the liquid secretion into the lung (Olver and 

Strang, 1974).   Furthermore they showed that potassium cyanide inhibited Cl- transport, 

which leads to fluid absorption. They hypothesised that this could not account for the 

removal of liquid at birth as the rate of absorption was too slow to account for this, thus 

a change in the permeability of the lung epithelium would be needed to effectively clear 

the lungs of fluid in order for gas exchange to take place (Olver and Strang, 1974).  This 

study, however, did not provide any evidence as to the identity of the ion channels 

involved in this mechanism. 

Chloride channels involved in fluid secretion 

It would seem unlikely that CFTR would be the major route for Cl- secretion in the 

developing lung due to the lack of impaired lung development in patients with cystic 

fibrosis (Sturgess and Imrie, 1982).  A more likely candidate is the ClC-2 channel of 

which there exists a number of studies providing evidence for the involvement of this 

channel.  Murray et al have shown using immunohistochemistry that ClC-2 is expressed 

in the apical membrane of foetal lung epithelium and that expression decreases after 

birth (Murray et al, 1995).  Furthermore the low pH of lung liquid reported by Adamson 

and colleagues (~6.3; Adamson et al, 1969) would appear to be a stimulus for Cl- 

secretion as the ClC-2 channel has been shown to be activated by low pH (Schwiebert et 

al, 1998; Blaisdell et al, 2000).  Blaisdell et al also showed that blockers of other Cl- 

channels (CFTR, ClC-3 and 5) could not inhibit the increase in Cl- transport seen with 

lowered pH, providing further evidence for the role of ClC-2 (Blaisdell et al, 2000).  

However not all data suggests a role for ClC-2, as this channel has a lower permeability 

to I- than to Cl-, which is the opposite to the ionic flux reported in Olver and Strang, 

1974.  Low pH activation of apical Cl- would lead to a reduction in intracellular Cl- 

concentration and it is therefore interesting to note that NKCC activation has been 
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linked to a reduction in Cl- (Haas et al, 1995), therefore the low pH of the lung liquid 

itself may act as a mechanism to ensure the continual secretion of Cl- and hence lung 

fluid.  The NKCC would appear to be the most likely candidate for basolateral Cl- entry. 

However, evidence from Ussing chamber experiment on xenopus laevis lungs has 

suggested that the HCO-/Cl- anion exchanger may be responsible for Cl- uptake under 

basal conditions and that NKCC is only active under Cl- gradient conditions (Berger et 

al, 2010), although differences between species may explain this..  There are relatively 

few studies in this area, therefore further investigation is needed to provide conclusive 

evidence for the identity of the channels involved in fluid secretion in the developing 

lung.   

Fluid clearance (Birth, change from net secretion to 

absorption) 

While fluid secretion is clearly important for the development of the lung, it needs to be 

cleared in order for respiration to begin.  Initially it was thought that fluid clearance was 

the result of mechanical and Starling forces.  However, studies on rabbits showed that 

lung wet weight decreased almost immediately before birth and is almost completed 

two hours after birth (Aherne and Dawkins, 1964).  Furthermore caesarean section does 

not impede the removal of lung liquid as long as the onset of labour has commenced 

(Bland et al, 1980; Baines et al, 2000).  This observation also suggests that the onset of 

labour is an important trigger for fluid clearance.  This implies that another mechanism 

for the removal of lung liquid must be involved.  There is an increased incident of RDS 

seen in elective caesarean section (Hales et al, 1993) and, along with the observation 

that the levels of adrenaline increase at birth (Lagercrantz and Bistoletti, 1977), these 

indicate a possible role for adrenaline as the trigger for fluid clearance.  In 1983 Brown 
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et al observed that foetal lambs’ sensitivity to adrenaline increased with gestational age, 

which caused a slowing of liquid secretion (before 130 days) that turns to liquid 

absorption (after 147 days) (Brown et al, 1983).  Olver et al in 1986 confirmed these 

observations; however they also investigated ionic flux, using similar methods to that of 

Olver and Strang in 1974, and found that Na+ is actively transported from the lung 

lumen to the plasma.  Furthermore the use of a known Na+ channel blocker, amiloride, 

prevented the adrenaline induced liquid absorption (Olver et al in 1986). These 

experiments therefore suggest that Na+ flux could be the determining factor in driving 

liquid absorption.  They went on to suggest that Na+ and Cl- transport were interlinked 

and that Cl- transport was a result of co-transport with Na+ driven by the Na+/K+-

ATPase via, at the time, an unidentified transporter in the basolateral membrane.  The 

opening of apical Na+ channels would lead to Na+ absorption also driven by Na+/K+-

ATPase, which would cause the uptake of fluid due to a change in osmotic gradients.  

Later experiments, such as the administration of amiloride to the trachea of new born 

guinea pigs, which lead to the development of respiratory distress (O’Brodovich et al, 

1990) further supported the view that Na+ absorption via an apical Na+ channel was 

responsible for fluid clearance.  The effect of adrenaline appears to be mediated via 

cyclic adenosine monophosphate (cAMP) as administration of cAMP to the lungs of 

foetal lambs mimics its effects and this response can be blocked by amiloride (Walters 

et al, 1990). 

The role of glucocorticoids and thyroid hormone 

The rise in adrenaline is preceded by a rise in circulating glucocorticoids (GCs) and 

thyroid hormone before labour (Baines et al, 2000) which lead to the investigation of 

these hormones and the role they may play in the regulation of fluid clearance.  Foetal 

thyroidectomy in lambs prevents the normal response to adrenaline and cAMP 
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analogues (Barker et al, 1988).  This response is only reversed if thyroid hormone and 

GCs are administered together and not independently (Barker et al, 1990).  This 

suggests that these hormones have different targets that are required for the response to 

adrenaline to take place. However it does not provide evidence as to the hormonal 

targets.  A further study confirmed these results and through the use of a protein 

synthesis inhibitor, cycloheximide, determined that the effects of these hormones are 

mediated through a mechanism that requires the synthesis of new protein (Barker et al, 

1991).  However, again this could not provide the identity of the hormonal targets. 

Nevertheless, they did speculate that the likely targets could be the Na+/K+ ATPase and 

apical Na+ channels (Barker et al, 1991).   Further to this, Collett et al in 2002 

demonstrated that isoproterenol, a -adrenoceptor agonist, does not increase Na+ 

conductance (GNa) in  foetal rat distal lung epithelial (FDLE) cells cultured in media 

containing no hormones. Exposure to both thyroid hormone and GCs, isoproterenol did 

cause an increase in GNa, which was amiloride sensitive (Collett et al, 2002).  These 

observations suggest a synergistic mode of action where GCs and thyroid hormone 

prepare the lung for the switch to an absorptive phenotype, while adrenaline activates 

Na+ channels, which results in an increase in GNa, through an amiloride sensitive Na+ 

channel. 

Other hormones involved in fluid clearance 

Epinephrine, thyroid hormone and GC’s are not the only hormones thought to be 

involved in the control of lung fluid clearance.  Arginine vasopressin (AVP) and 

somatostatin are both thought to inhibit lung fluid secretion (Perks and Cassin, 1989; 

Albuquerque et al, 1998), whereas dopamine and serotonin are have been shown to 

activate Na+ transport (Chua and Perks, 1998; Chua and Perks, 1999).  This serves to 

stress the importance of lung fluid clearance to survival, as multiple levels of control 
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mean that if there is a problem with one mechanism, then other alternative mechanisms 

may still be able to initiate fluid clearance and therefore survival at birth is assured. 

Sodium entry pathway 

There is substantial evidence for the role of an apical Na+ channel as the route of Na+ 

absorption. However, the identity of the specific channel involved was not revealed 

until 1993 when Canessa and colleagues identified a novel cDNA sequence from rat 

colonic epithelial tissue that encoded for an amiloride sensitive Na+ channel, which was 

termed α-ENaC (α-epithelial Na+ channel) (Canessa et al 1993).  α-ENaC was 

subsequently found in the kidney and lung (O’Brodovich et al, 1993; Voilley et al, 

1994) and two other subunits were also identified: -ENaC and γ-ENaC (Canessa et al 

1994).  However, when -ENaC and γ-ENaC were expressed independently in Xenopus 

oocytes, they did not produce amiloride sensitive currents, although when co-expressed 

with α-ENaC an amiloride sensitive current that was 100 fold greater than that of those 

where only α-ENaC was expressed, was observed (Canessa et al 1994).  It would 

therefore appear that fully functional ENaC is composed of three separate subunits, α-

ENaC being the major pore forming subunit, while -ENaC and γ-ENaC subunits 

conform selectivity.  Further to this α-ENaC knockout mice die at birth due to 

insufficient fluid clearance, while -ENaC and γ-ENaC knockout mice survive, 

although they do show reduced fluid clearance and develop respiratory problems as a 

result (Hummler et al, 1996).  This not only adds further evidence for α-ENaC being the 

major pore forming unit, but also highlights the importance of ENaC in lung fluid 

clearance. 
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The ENaC channel 

ENaC subunits share ~30% homology and have a large extracellular loop and two 

transmembrane domains that have intracellular N- and C-terminal domains (Canessa et 

al, 1994).  The stoichiometry of ENaC is still under some debate, for example the 

crystal structure of the acid-sensing ion channel has been suggested to be a trimer.  As 

this channel is part of the ENaC subfamily it has been suggested that a 1α, 1 and 1γ 

stoichiometry make up the ENaC channel (Jasti et al, 2007).  However a 3α, 3 and 3γ 

stoichiometry has also been suggested by Staruschenko et al, 2004.  However 

Staruschenko et al results only point to a stoichiometry where the channel contains two 

of each subunit and therefore only hints at the 3α, 3 and 3γ stoichiometry.  

Furthermore by using fluorescence resonance energy transfer to analyse channel 

stoichiometry, these results are reflective of the entire pool of ENaC and therefore the 

stoichiometry of active ENaC in the membrane may be difficult to determine.  The 2α, 

1 and 1γ stoichiometry would appear to be the most supported; however, despite 

similarities in techniques, there is some conflicting data with three studies (Firsov et al, 

1998; Kosari et al, 1998; Anantharam and Palmer 2007) supporting a tetrameric 

stoichiometry, as another study, also using similar techniques, provided support for the 

3α, 3 and 3γ stoichiometry (Snyder et al, 1998).  These studies used co-expression of 

mutant and wild-type ENaC subunits and electrophysiological analysis to determine 

stoichiometry.  These observations are dependent on a number of assumptions such as 

wild-type and mutants will express equally and associate randomly. If any of the 

assumptions made by these studies is incorrect then this will lead to a false 

interpretation of the results.  Despite the differences in reported stoichiometry, the 

tetrameric arrangement would appear to be the most likely, as this arrangement seems to 

most closely resemble the biophysical properties of ENaC, a low conductance of ~5pS 
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with slow gating kinetics (Palmer and Frindt, 1986).  A fourth ENaC subunit does exist, 

δ-ENaC, which may be involved in producing an amiloride sensitive channel (Bangel-

Ruland et al, 2010).  

Non ENaC like amiloride sensitive channels 

Many electrophysiological studies of lung epithelial cells from FDLE have described an 

amiloride sensitive nonselective cation channel that poorly discriminates between Na+ 

and K+ and has a much higher conductance, ~21pS (Ito et al, 1997; Marunaka et 

al,1999), than that reported for the highly selective ENaC as proposed by Palmer and 

Frindt.  However these differences could be due to differing combinations of ENaC 

subunits resulting from culture conditions.  A study by Jain et al in 2001 demonstrated 

that culture conditions can impact significantly on the electrophysiological properties of 

cells.  ATII cells were isolated from rat lungs and, when grown on a permeable 

membrane with an air interface in the presence of GC’s, a channel with ENaC-like 

properties was observed (Jain et al 2001).  However when these cells were cultured on 

glass coverslips or plastic (without an air interface in the absence of GC’s), they 

displayed an amiloride-sensitive, nonselective channel.  Thus differences in culture 

conditions may lead to differences in channel stoichiometry which impacts on channel 

properties, and could account for the differences in the reported channels.  The 

expression of ENaC subunits appears to vary depending on gestational age (Helve et al, 

2007). Therefore it could be that different subunit expression leads to different channel 

expression in vivo that is required at different stages of lung development and 

maturation. 

 

Pseudohypoaldosteronism is a disease that results from mutations in the genes encoding 

for ENaC (Chang et al, 1996) and many patients develop a variety of symptoms such as 
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continual viral infections and wheezing and display an increased ASL volume (Kerem 

et al, 1999).  However there is a delay from birth in the development of these symptoms 

and fluid clearance does not appear to be impeded thus suggesting that channels other 

than ENaC may be involved in fluid clearance.  However the development of 

respiratory problems does suggest a role for ENaC. 

Airway hydration in the adult lung 

The regulated secretion of lung liquid is clearly important during foetal development 

and the subsequent absorption at birth is of equal importance. However the continued 

regulation of airway hydration is just as important throughout adult life.  As discussed 

earlier, regulation of the ASL depth and the fluid lining the alveoli are critical in 

preventing infection and allowing efficient gas exchange.  The importance of regulation 

is highlighted by the observation that mice models over-expressing -ENaC display 

cystic fibrosis-like lung disease (Mall et al, 2004).  Cystic fibrosis is a genetic disorder 

that is caused by impaired Cl- secretion, is the most common genetic disorder among 

Caucasians (Quinton, 1989) and results in impaired mucociliary transport as a result of 

insufficient hydration.  The defective Cl- secretion is due to the mutation of the CFTR 

Cl- channel (Riordan et al, 1989).   Even though the ability to secrete Cl- is unaffected, 

the increased Na+ absorption caused by the over-expression of -ENaC still resulted in 

cystic fibrosis-like lung disease (Mall et al, 2004).  Furthermore increased Na+ 

absorption has also been linked to compounding the effects of cystic fibrosis (Boucher, 

1986). 

This highlights the importance of regulated airway hydration in the adult lung; however 

as the increase in adrenaline seen at birth is not maintained throughout adult life, even 

though the Na+ absorbing phenotype that it induces is maintained, this suggests other 
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factors must play a role, so that tight regulation of the ASL and alveoli lining must be 

observed throughout adult life.  The next section describes some of the possible 

mechanisms involved. 

Proteolytic cleavage  

It has emerged that modulation of channel activity through proteolytic cleavage of 

ENaC subunits at the cell surface can modulate channel gating (Rossier, 2003; Hughey 

et al, 2004; Planes et al, 2009).  Channel activating proteases (CAPs) have been shown 

to be expressed in tissues including the distal lung epithelium (Vallet et al, 2002) and to 

be contained in lung liquid secretions (Verghese et al, 2004; Planes et al, 2005).  -

adrenergic agonists induce stimulation of lung fluid clearance, which was inhibited in 

mice lacking the CAP1 gene and was shown to be reversed with treatment of neutrophil 

elastase, a nonepithelial soluble serine protease (Planes et al, 2009).  This could be 

taken as further evidence of the synergistic action of hormones in the control of alveolar 

fluid clearance, where GCs and thyroid hormone prime the lung for fluid clearance and 

epinephrine causes activation of ENaC in the membrane through proteolytic cleavage 

increasing channel activity. 

Glucocorticoid-induced leucine zipper protein 

Shi et al (2002) showed that ERK1/2 phosphorylation facilitated the interaction of 

ENaC and γENaC with Nedd4-2 (thought to be involved with targeting ENaC for 

degradation); furthermore ERK activation was shown to inhibit Na+ transport (Robert-

Nicoud et al, 2001; Shen and Cotton, 2003; Falin et al, 2005).  These observations taken 

together suggest an alternative mechanism of ENaC regulation that may be SGK1 

independent.  A study in 2005 for the first time linked glucocorticoid-induced leucine 

zipper protein (GILZ) with a role in stimulating Na+ transport by inhibiting ERK1/2 
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(Soundararajan et al, 2005).  A number of isoforms of GILZ have been discovered 

however GILZ1 is the most potent in causing Na+ transport stimulation (Soundararajan 

et al, 2007).  It has been suggested that GILZ1 and SGK1 can act independently to 

increase ENaC surface expression although it would appear that they have a synergistic 

effect whereby GILZ aids the activity of SGK1 possibly by forming a regulatory 

complex that recruits SGK1 and facilitates the interaction of SGK1 with Nedd4-2 

(Soundararajan et al, 2009).  Further to this transfection of GILZ1 in the H441 cell line 

mimics the increase in Na+ transport associated with GC treatment (unpublished 

observation, Michael Gallacher). 

Cyclic adenosine monophosphate (cAMP) 

Adrenaline is reported to act via cAMP (Walters et al, 1990), also arginine vasopressin 

(AVP) has been implicated in cAMP mediated ENaC regulation.  AVP binds to V2 

receptors and activates adenylate cyclase which synthesises cAMP from ATP.  

Increasing cAMP levels with AVP, phosphodiesterase inhibition or adenylate cyclase 

activation has been shown to increase Na+ transport (Barbry and Hofman, 1997; Garty 

and Palmer, 1997; Yang et al, 2006).  AVP receptors (V2) are expressed in the lung 

(Kaufmann et al, 2003) suggesting that cAMP could be involved in the regulation of 

Na+ transport in the lung.  This is further supported by the observation that forskolin, an 

adenylate cyclase activator, can increase amiloride sensitive Na+ transport in a human 

lung cell line (Lazrak and Matalon, 2003; Ramminger et al, 2004).  There is evidence 

that PKA, a downstream effector of cAMP, can phosphorylate Nedd4-2, therefore 

representing a possible convergence point for signalling pathways in the control of Na+ 

transport (Snyder et al, 2004).  Thus cAMP may affect ENaC expression in the 

membrane, although it has also been reported to increase channel open probability 

(Yang et al, 2006). 
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Partial pressure of oxygen 

The first breath taken by newborns is thought to provide a stimulatory effect to increase 

Na+ transport and evidence suggest that a change in oxygen concentration from ~3% 

(foetal) to ~21% (postnatal) may be a determining factor in this.  In rat FDLE cells this 

change in concentration has been shown to increase Na+ transport and also increase 

ENaC mRNA levels (Ramminger et al, 2000).  However there is a discrepancy as Na+ 

transport is increased before an increase in mRNA levels are seen (Pitkanen et al, 1996; 

Baines et al, 2001) and under hormone free conditions an increase in partial pressure of 

oxygen  (PO2) increases Na+ transport without affecting the abundance of ENaC mRNA 

(Richard et al, 2003).  Otulakowski et al in 2007 explained this by suggesting that GC’s 

create a pool of ENaC mRNA that an increase in PO2 causes to be translated.  Hypoxic 

conditions are known to reduce Na+ transport (Vivona et al 2001; Planes et al, 1997; 

Wodopia et al, 2000), which is thought to be a contributing factor to the development of 

pulmonary oedema observed in high altitude sickness. 

Lipopolysaccharide 

LPS, which is present in the bacterial coat of many pathogens, causes the production of 

nitric oxide and tumour necrosis factor-alpha (TNF-α) as part of the inflammatory 

response to bacterial pathogens via the activation of nuclear factor-kappa B and the 

mitogen-activated protein kinase signalling pathway (Guha and Mackman 2001; Guillot 

et al, 2004).  Both nitric oxide and TNF- α have been shown to inhibit ENaC expression 

in lung epithelial cells (Ding et al, 1998; Dagenais et al, 2006).  More recent studies 

have provided further evidence for a role of LPS causing inhibition of ENaC via the 

ERK signalling pathway (Baines et al, 2010) and also suggest a role for LPS induced 

inhibition through a purinergic signalling pathway (Boncoeur et al, 2010).  These 
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studies indicate a role of LPS that could cause the accumulation of fluid in the lung 

resulting in pulmonary oedema from bacterial infection. 

CAPs

GILZ

pO2

LPS

ENaC

ERK1/2

Nedd4-2

Glucocorticoids

Adrenaline/AVP

V2R
PKA

Adenylate cyclase

cAMP

TNF-α / NO

 

Figure 1.3  Diagram summarising inputs that can affect ENaC regulation.  This only represents a few 

of the many inputs that can affect ENaC regulation.  Blunt ended arrows represent inhibition/repression 

and arrows represent activation.  Inputs are surrounded by a box.  pO2 = partial pressure of oxygen, CAPs 

= channel activating proteases, AVP = arginine vasopressin, cAMP = cyclic adenosine monophosphate, 

TNF-α, NO = nitric oxide, LPS = lipopolysaccharide, GILZ = glucocorticoid induced lucine zipper 

protein, PKA = protein kinase A, V2R = V2 receptor. 

 

ENaC is subject to regulation from many other factors and this section does not cover 

them all.  If there is an imbalance in these mechanisms then disease states can occur 

such as oedema from infection or altitude sickness.  The most effective way of treating 

pulmonary oedema is the use of GCs, however despite this and extensive study, the 

exact mechanisms involved in GCs mediated fluid clearance is still unclear. 
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Glucocorticoids 

GCs are a steroid hormone produced in the adrenal cortex and are lipophilic, thus 

enabling them to diffuse freely across the cell membrane.  They have a wide range of 

effects throughout the body and the name glucocorticoid originates from the observation 

that they are involved with glucose metabolism (see table 1.1 for list of other effects).  

As was demonstrated earlier, GCs are important in mediating the switch to a Na+ 

absorbing phenotype at birth.  GCs are used clinically to treat pulmonary oedema and to 

improve lung maturation in pre-term infants. However there are concerns, especially in 

their use for treatment of RDS in premature infants, as it may lead to adverse effects on 

neuromotor and cognitive function as well as causing myocardial hypertrophy (Yeh et 

al, 2004; Zecca et al, 2001; Damsted et al, 2011).  Therefore it is important to ascertain 

the mechanisms by which GCs exert their effects, as this may lead to improved 

treatment for patients. 
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Table 1.1 Functions of glucocorticoids. 

Role Effects References 
Glucose metabolism Stimulation of 

gluconeogenesis and the break 
down of adipose tissue.  
Inhibit glucose conversion to 
glycogen. 

Christ-Crain et al, 
2008 
Buren et al, 2008 

Immunity Up-regulate anti-inflammatory 
proteins and down-regulate 
pro-inflammatory proteins.  

Cutolo et al, 2011 
Riccardi, 2010 

Development Important in lung maturation 
and also brain development 
such as terminal maturation 
and remodelling axons and 
dendrites. 

Jauregui-Huerta et al, 
2010 
Yeh et al, 2004 
Damsted et al, 2011 

Memory Shown to be involved in 
synaptic plasticity, is thought 
to aid memory formation. 

Joels et al, 2009 

Mechanisms of Glucocorticoid ENaC regulation 

Glucocorticoid receptor 

The human glucocorticoid receptor (GR) is part of the steroid/thyroid/retinoic acid 

nuclear receptor superfamily and was first isolated by expression cloning in 1985 by 

Hollenberg and colleagues (Hollenberg et al, 1985).  They also discovered that 

alternative splicing leads to two isoforms of the GR; GRα and GR.  Further splice 

variants have since been discovered and so far a total of five variants have been reported 

and only GRα and GRγ can bind GC (Oakley and Cidlowski 2011).  Multiple start 

translation sites give rise to multiple isoforms of which a total of 8 have so far been 

reported (Oakley and Cidlowski 2011).  The expression levels of the different isoforms 

differ depending on tissue type which may lead to unique target genes and therefore 

give rise to tissue specificity (Lu and Cidlowski, 2005).  The GR has an amino-terminal 

or N-terminal domain, a DNA binding domain, hinge region and a ligand binding 

domain or the carboxyl terminal end.  The ligand binding domain is not present in GR 
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and results in the inability of GR to bind steroids and appears to exert a dominant 

negative effect on the transcriptional activity of GRα (Kino et al, 2009).  Within the N-

terminal and the ligand binding domain are areas termed activation function 1 and 2 

respectively (AF1 and AF2).  AF1 is important in aiding interactions of the receptor, 

with molecules involved in forming a transcription complex; AF2 is important for 

receptor dimerisation and is involved in the binding of heat shock proteins (hsp) ( Duma 

2006). 

1 421 486 528 777

NTD LBDDBD H

AF1 AF2

hGRα

Firgure 1.4  Diagram of glucocorticoid receptor.  Shows structure of the human glucocorticoid 

receptor-α showing approximate location of activation function 1 and 2 (AF1 and AF2 respectively).  

NTD – N-terminal domain, DBD – DNA binding domain, H – hinge region, LBD – ligand binding 

domain or the carboxyl terminal end. 

Glucocorticoid receptor alpha complex 

GRα exists as a complex of proteins in the cytoplasm of cells which includes hsp90 

(Pratt, 1993).  Hsp90 prevents the translocation of the inactive GRα to the nucleus 
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(Cadepond et al, 1991) and ligand binding results in a conformational change resulting 

in the dissociation of hsp90 from the GRα complex thereby allowing translocation to 

the nucleus.  The activated GC-GR forms a homodimer and binds to a GRE (Truss and 

Beato, 1993) on DNA.  The GRE bound GR stimulates transcription by facilitating the 

formation of a transcription complex.  AF1 and AF2 interact with cofactors to initiate 

the formation of this complex.  AF1 and 2 attract steroid receptor coactivators (SRC’s), 

which in turn recruits cyclic adenosine monophosphate response-element binding 

protein (CREB) and p300/CBP-associated factor as well as other cofactors (Nicolaids et 

al, 2010).  This complex has histone acetyltransferase activity, which aids in the 

decondensation of chromatin at the site of the GRE, and aids in the recruitment of RNA 

polymerase II to form a transcription complex in order to cause upregulation of the 

target gene (Nicolaids et al, 2010).  As the α-ENaC promoter contains a glucocorticoid 

response element (GRE) it would seem likely that GC would act via increasing α-ENaC 

transcription.  This does seem to be the case as a number of studies have shown that GC 

cause upregulation of α-ENaC via reporter gene assays (McTavish et al, 2009; 

Otulakowski et al, 1999) and ribonuclease protection assay (Mick et al, 2001; Sayegh et 

al, 1999).  GCs can also cause suppression of genes and it is thought this works in a 

similar manner but instead condenses chromatin, thereby preventing access and 

formation of a transcription complex to the gene (Ito et al, 2000).  However suppression 

can also be due to increases in GR for example, tumour necrosis factor-alpha and 

interferon-gamma have been shown to cause an increase in GR without affecting GRα 

that is associated with GC resistance (Tliba et al, 2006). 

Glucocorticoid receptor post-translational modifications 

There is evidence to suggest that post-translational modifications can affect many 

properties of the GR such as: stability, target promoters, trafficking and even direct 
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interactions of the GR with other proteins, which may cause the transduction of a 

signalling cascade without effecting genomic expression.  See table 1.2 for summary. 

Table 1.2 lists reported post-translational modifications which are thought to affect the 

glucocorticoid receptor and therefore serves to highlight the complexity of GC signalling.  

Post-translational 
Modification 

Possible roles References 

Phosphorylation Typically occurs after ligand binding.  
May affect turnover, trafficking, 
promoter specificity, cofactor 
interaction and nongenomic activation 
of signalling pathways. 

Ismaili and Garabedian, 
2004 
Orti et al, 1993 

Ubiquitination Occurs after ligand binding.  Can 
regulate motitility of GR and can 
promote rapid turnover of the receptor 
therefore decreasing activity. 

Dennis and O’Malley, 2005

Acetylation Occurs after ligand binding before 
nuclear translocation and 
deacetylation causes NF-κB 
suppression.  May disrupt binding of 
GR to GRE’s. 

Ito et al, 2006 
Nader et al, 2009 

Sumoylation Small ubiquitin-related modifier.  
May not be ligand dependent and may 
affect protein stability and 
transcriptional activation. 

Le Drean et al, 2002 

GC receptor regulation of Na+ transport 

It has also been suggested that serum- and glucocorticoid-regulated kinase 1 (SGK1) 

can also increase transcription of α-ENaC (Boyd and Naray-Fejes-Toth, 2005; Zhang et 

al, 2007).  However these observations were obtained from studies in renal epithelia and 

McTavish et al found that SGK1 does not play a major role in α-ENaC transcription in 

pulmonary epithelium (McTavish et al, 2009).  However there is a large body of 

evidence that does suggest a significant role of SGK1 in the control of Na+ transport via 

alternative mechanisms. 
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Serum- and glucocorticoid-regulated kinase 1 

SGK1 belongs to the AGC family of protein kinases and was originally cloned from rat 

mammary tumour cells in 1993 (Webster et al, 1993) and as the names suggests is 

regulated by GCs and serum.  However SGK1 regulation is subject to control from a 

wide variety of stimulators and inhibitors (for review see; Lang et al, 2009) including 

mineralocorticoids.  Two further isoforms of the sgk gene have been reported sgk2 and 

sgk3 and these do not appear to be regulated by GCs (Kobayashi et al, 1999), although 

both have been reported to be involved in ENaC regulation (Friedrich et al, 2003).  

However in sgk3 knockout mice there is no effect on NaCl excretion (McCormick et al, 

2004).  SGK1 has been shown to increase ENaC activity and also contains a GRE in the 

5’ flanking end of the sgk1 gene which is upregulated by GCs. 

Activation of SGK1 

As with many AGC kinases, SGK1 activation is dependent on the phosphorylation of a 

threonine residue (Thr256 for SGK1) in the T-loop of the kinase and a serine residue 

(Ser422 for SGK1) within the hydrophobic motif.  The activity of SGK1 has been shown 

to be dependent on phosphoinositide-3-kinases (PI3K) (Kobayashi and Cohen, 1999; 

Park et al, 1999).  SGK1 is first phosphorylated on the hydrophobic motif by the 

mammalian target of rapamycin complex 2 (mTORC2) (Garcia-Martinez and Alessi, 

2008).   The identity of the kinase responsible for this has been the subject of debate 

with suggestions that mTORC1 was in fact responsible for hydrophobic motif 

phosphorylation of SGK1 (Hong et al, 2008).  However Garcia-Martinez and Alessi 

disputed these findings and show SGK1 activity in the presence of the specific 

mTORC1 inhibitor rapamycin which is consistent with other studies (Kobayashi and 

Cohen, 1999; Park et al, 1999).  This view is supported by a more recent study 
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suggesting mTORC2 activity is required for hydrophobic motif phosphorylation of 

SGK1 and that this is required for ENaC mediated Na+ transport (Lu et al, 2010).  It 

would therefore seem likely that mTORC2 is in fact the kinase responsible for 

hydrophobic motif phosphorylation.  The phosphorylation of the hydrophobic motif 

promotes the interaction of SGK1 with phosphoinositide-dependent kinase 1 (PDK1) 

resulting in the phosphorylation of the activation loop of SGK1 (Biondi et al, 2001) and 

confers activity.  This mode of action where phosphorylation of the hydrophobic motif 

of an AGC kinase thus, in turn making it the target for phosphorylation of its T-loop, is 

thought to be important for a number of the AGC kinases. 

Target of rapamycin (TOR) 

TOR exists as two complexes; TORC1 and TORC2, consisting of different associated 

proteins.  TORC1 contains the regulatory associated protein of TOR (Raptor) (Kim et 

al, 2002) and G-protein -subunit like protein, also known as LST8 (Kim et al, 2003).  

TORC1 also contains proline-rich PKB substrate 40 kDa. However there is some debate 

as to its role in TORC1 function, as it has been shown to block TORC1 access to its 

substrates (Wang et al, 2007). It has also been described as a substrate for TORC1 

phosphorylation (Fonseca et al, 2007; Oshiro et al, 2007).  The best characterised 

substrates of TORC1 are involved in both cell growth and proliferation; eukaryotic 

initiation factor 4E-binding protein 1, (Hara et al, 1997) and p70 S6K (Fingar et al, 

2004).  Phosphorylation of p70 S6K at residue Thr389 is often used to assay for TORC1 

activity (Land and Tee, 2007; Mansley and Wilson, 2010).  Inhibition of TORC1 is 

achieved using rapamycin which has been described as an exquisitely specific inhibitor 

of TORC1 (Bain et al, 2007) and acts by forming a complex with FKBP12 which 

targets TORC1 (Heitman et al, 1991).  TORC2 on the other hand is composed of; 

rapamycin insensitive companion of TOR (Rictor) (Sarbassov et al, 2004), LST8, 
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mSin1 (Jacinto et al, 2006) and proline-rich protein 5 (Woo et al, 2007).  TORC2 is 

acutely insensitive to rapamycin treatment; however prolonged treatment inhibits 

assembly of the complex (Sarbassov et al, 2006).  Partly due to a lack of specific 

inhibitors of TORC2, much less is known about its specific roles, however the 

development of specific inhibitors of TOR (Thoreen et al, 2009; Feldman et al, 2009) 

has given new insights into the role this kinase plays. 

SGK1 activation results in increased ENaC trafficking 

The ubiquitin ligase protein, neural precursor cell-expressed developmentally down-

regulated protein 4 (Nedd4) contains WW domains that can bind to PY motifs of other 

proteins.  All three ENaC subunits have PY motifs and Nedd4 (specifically Nedd4-2) 

has been shown to bind to these motifs (Staub 1996; Snyder et al, 2002). Thus Nedd4-2 

targets ENaC for ubiquitination and degradation.  SGK1 also contains PY motifs and 

interacts with Nedd4-2 causing phosphorylation which in turn recruits 14-3-3 protein 

which reduces Nedd4-2 interaction with ENaC (Bhalla et al, 2005; Ichimura et al, 2005) 

possibly by causing steric hindrance or by inducing a conformational change in the WW 

domains of Nedd4-2 resulting in the inability to bind to other PY motifs.  Many studies 

have linked the ability of SGK1 inhibiting Nedd4-2 to the regulation of ENaC (Bhalla et 

al, 2005; Ichimura et al, 2005; Snyder et al, 2002; Wiemuth et al, 2010) which has lead 

to the development of the theory that SGK1 regulates ENaC activity by increasing the 

trafficking and expression of ENaC in the membrane which has been demonstrated in 

Xenopus oocytes (Alvarez de la Rosa et al, 1999).  Furthermore, preventing 

ubiquitination of ENaC leads to increase in the stabilation of the channel in the 

membrane further supporting increased Na+ transport ().  A negative feedback loop has 

been described as SGK1 phosphorylation of Nedd4-2 causes Nedd4-2 mediated 
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degradation of SGK1. This may aid in the fine regulation of Na+ transport (Zhou and 

Snyder, 2005).   

Counter argument for SGK1 involvement 

Despite the evidence for the involvement of SGK1-Nedd4-2 pathway, there is evidence 

that would appear to dispute this central role of SGK1 as the main mechanism in the 

control of Na+ transport.  There is evidence that would suggest that SGK1 does not 

interact or interacts very weakly with Nedd4-2 (Henry et al, 2003; Rauh et al, 2006). 

However Rauh et al suggested this was due to species differences and that the 

interaction between SGK1 and Nedd4-2 is only strong enough to be detected in those 

studies where constructs of human origin are used, a view that is supported by Wiemuth 

et al, 2010.  The strongest evidence that SGK1 is not involved, or at least that other 

factors play an important role in the regulation of Na+ transport, is the observations 

made from sgk1 gene knockout mice (sgk1-/-).  These mice do not display any functional 

abnormalities and are viable (Wulff et al, 2002; Grahammer et al, 2006; Rexhepaj et al, 

2006; Fejes-Toth et al, 2008), unlike mice lacking functional ENaC which die due to 

severe respiratory distress (Hummler et al, 1996).  However sgk1-/- do show impairment 

of renal Na+ retention although this only becomes apparent during salt deficiency (Wulff 

et al, 2002).  This cannot be explained by compensation through enhanced SGK3 

activity as double knockout mice display a similar phenotype to sgk1-/- mice 

(Grahammer et al, 2006).  It would seem unlikely that increased SGK2 activity could 

account for this as transcript levels are not increased in the double knockout mice 

(Grahammer et al, 2006).  It would be expected that sgk1-/- mice would not be viable if 

SGK1 was the sole regulator of ENaC trafficking to the membrane.  Therefore these 

studies demonstrate that the role of SGK1 is still not fully understood and also point to a 



 36

SGK1 independent mechanism of ENaC regulation.  Adding to this, the observation that 

sgk1-/- mice do not show disruption of ENaC activity in colonic epithelium (Rexhepaj et 

al, 2006) suggests that renal and colonic ENaC regulation may involve different 

mechanisms. It is therefore not unreasonable to postulate that the role played by SGK1 

in the regulation of pulmonary ENaC may also differ from that reported in other tissues. 

Aldosterone 

In response to decreases in blood volume and pressure aldosterone, a mineralocorticoid 

(MC) is released from the adrenal cortex and causes an increase in Na+ absorption 

which leads to fluid uptake (Booth et al, 2002).  Aldosterone exerts its effects in the 

kidney and specifically the distal nephron, where the final adjustments are made to the 

reabsorption of fluid in order to maintain blood volume and pressure.  Aldosterone 

enters the epithelial cells lining the distal nephron and acts in much the same way as 

glucocorticoids, however bind to the mineralocorticoid receptor (MR) which then 

translocates to the nuclease and can bind to DNA to cause either expression or 

suppression of genes (Booth et al, 2002).  Furthermore in common with the GR the 

sterioid bound MR has been reported to be involved in exerting its effects via protein-

protein interactions (Stockand, 2002).  It is important to note that both the MR and GR 

receptors can be bind either MC or GC, however, they have higher affinities for their 

respective namesake.  Thus it is therefore possible that increased levels of aldosterone 

seen in sgk1 gene knockout mice (Wulff et al, 2002) could provide a compensating 

mechanism to bring about fluid clearance.  GILZ has been shown to be an aldosterone-

induced protein (Robert-Nicoud et al, 2001) and along with the observation that MR is 

present in the lung (Keller-Wood et al, 2005) adds weight to this theory. 
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Insulin 

Insulin is a metabolic hormone composed of 51 amino-acids and is released in response 

to increased levels of blood-glucose and stimulates the uptake of glucose.  The inability 

of the body to produce or its tendency to become resistant to insulin results in diabetes 

mellitus (type 1 and 2 respectively).  Hyperinsulinemia is a condition associated with 

type 2 diabetes whereby the levels of circulating insulin are increased and this condition 

is often associated with hypertension.  A possible explanation for this is that insulin has 

been shown to increase Na+ transport in renal epithelial by increasing the number of 

active channels in the apical membrane (Blazer-Yost et al, 1998; Blazer-Yost et al, 

2004) and by increasing the open probability of channels (Staruschenko et al, 2007; 

Pochynyuk et al, 2007) in an amiloride sensitive fashion.  This leads to increased fluid 

retention which results in raised blood pressure.  

Possible mechanism of action of insulin 

PI3K catalyses the formation of phosphatidylinositide second messenger 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) from the phosphorylation of 

phosphatidylinositol 4,5-bisphosphate (PIP2).  Insulin-induced Na+ transport in A6 cells 

was shown to be mainly the result of increased channel density (Blazer-Yost et al, 

1998).  Using confocal fluorescence microscopy Blazer-Yost and colleges were able to 

show that ENaC and PI3K were co-localised and that insulin stimulation resulted in the 

translocation of this “complex” to the lateral membrane followed by translocation to the 

apical membrane in A6 cells.  This was thought to be dependent upon PI3K as 

LY294002 prevented the translocation of the complex to the lateral membrane and 

inhibited Na+ transport (Blazer-Yost et al, 2003).  They speculated that the lack of 

formation of PI3K second messengers was the cause of this and later they were able to 
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show again using confocal fluorescence microscopy that the distribution of PIP3 

followed the translocation pathway of the ENaC-PI3K complex and therefore came up 

with a model that predicted that ENaC insertion into the membrane was a result of 

changes in lipid composition that favoured the insertion of ENaC channels (Blazer-Yost 

et al, 2004).  Furthermore there is evidence that PIP2/3 can alter channel kinetics 

(Staruschenko et al, 2007; Pochynyuk et al, 2007).  It has been suggested they are able 

to augment ENaC channel activity through directly binding to ENaC subunits and 

modulating channel kinetics (Pochynyuk et al, 2007).  It is likely that a combination of 

these mechanisms is responsible for insulin-induced Na+ transport.  However the effects 

are also very rapid and are more indicative of acute regulation of ENaC, furthermore 

these studies were carried out in renal epithelia.  Moreover LY294002 was used to 

inhibit PI3K and this compound is now known to exert non-specific effects and its use 

as an effective PI3K inhibitor has been recommended to be discontinued (Bain et al, 

2007).  Nevertheless they do suggest a possible mechanism of action for insulin / PI3K 

mediated control of ENaC activity that is independent of SGK1 and therefore could 

explain why sgk1 gene knockout mice do not display any overt lung phenotype. 

Therefore a possible role for insulin / PI3K in the control of Na+ transport in the lung is 

feasible and has received much less attention.  It has been reported that insulin could 

augment the GC mediated increase in Na+ transport seen in pulmonary epithelium 

however replacing external Na+ with a nominally impermeant cation (NMDG+) in 

insulin treated cells had no effect on membrane currents recorded from single H441 

cells thus indicating that Na+ transport was not involved.  However lowering external 

Cl- caused a hyperpolarising response and further investigation with a non-specific Cl- 

channel blocker confirmed the response to insulin was a result of a Cl- current rather 

than an increase in Na+ transport (Brown et al, 2008).  However this observation was 
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made from recordings of single H441 cells which have different electrical properties 

from that of H441 cells growing in contact with other cells (Brown et al, 2008).  

Furthermore insulin has been linked to Na+ transport in the foetal lung (Hagiwara et al, 

1992) and insulin does appear to improve gas diffusion in diabetic patients (Guazzi et 

al, 2002a; Guazzi et al, 2002b). 

 

Closing remarks 

Despite the extensive research into the hormonal regulation of ENaC and its 

involvement in lung fluid clearance and maintenance of the ASL / PLC, there are still 

many points of contention.  One of the main areas of debate surrounds the role of SGK1 

as, although there is clear evidence for a role in ENaC regulation, the observation that 

sgk1-/- mice are viable would strongly suggest otherwise, especially given that ENaC 

knockout and GR knockout results in death due to a failure to clear the lungs of fluid.  

Thus the role of SGK1 is not fully understood and requires further examination.  

Investigation into the molecular mechanisms that underlie GC regulated Na+ transport 

has, in part, been hindered by the lack of specific pharmacological inhibitors of the 

kinases thought to be involved.  However this situation has now changed with the 

development of specific inhibitors for PI3K, mTOR and SGK1, which are thought to be 

part of a kinase signalling pathway that is central to GC regulated Na+ transport.  By 

utilising these inhibitors it should be possible to selectively inhibit each kinase and, 

using an electrophysiological approach to determine what role these kinases play, if any, 

in GC regulated Na+ transport in lung epithelia.  
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Aims/hypothesis  

The aim of this thesis is to answer the question: is SGK1 required in the regulation of 

ENaC activity by glucocorticoids in pulmonary epithelium? 

By using specific kinase inhibitors this should allow the determination of a number of 

other important questions, which are: 

 Do glucocorticoids act via the PI3K – mTOR – SGK1 pathway? 

 Can phosphatidylinositide second messengers maintain ENaC activity 

independently of SGK1? 

 Can PKB maintain ENaC activity independently of SGK1? 

 Is SGK1 activity dependent upon TORC2? 

Thus the main hypothesis of this thesis is: SGK1 activity is vital to the hormonal control 

of ENaC activity via glucocorticoids in pulmonary epithelium. 
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Chapter 2 – Materials and Methods 
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The H441 cell model 

All experiments were performed using the H441 human bronchiolar epithelial cell line 

(American Type Culture Collection).  This cell line is derived from cells from a 

pericardial effusion from a male patient suffering a pulmonary papillary 

adenocarcinoma (Gazdar et al, 1990).  These cells have been shown to display 

peripheral airway cell characteristics of bronchiolar Clara cell and exhibit the ability to 

form adherent monolayers that are suitable for cell culture (Gazdar et al, 1990).  

However Clara cells are not thought to play a significant role in fluid clearance or the 

maintenance of the ASL, despite this they are still a useful model to investigate the 

activation of ENaC by GC.  There exists a large body of evidence that demonstrates the 

ability of the synthetic glucocorticoid hormone, dexamethasone, to induce a sodium 

(Na+) absorbing phenotype in these cells that is consistent with the co-expression of α-, 

- and γ-ENaC (Lazrak and Matalon, 2003; Ramminger et al, 2004; Clunes et al, 2004; 

Brown et al, 2008; Gallacher et al, 2009).  H441 cells are therefore a useful model cell 

line in which to investigate the pathways that underlie hormonal control of the induction 

and maintenance of Na+ transport in pulmonary epithelium. 

I.  H441 Cell Culture 

Cells were kept in an incubator at 37 °C at 5% CO2 and grown in 75cm2 flasks (Greiner 

bio-one) until confluent in RPMI 1640 media supplemented with: 8.5% fetal bovine 

serum, 8.5% bovine calf serum (Gibco), 2mM glutamine, 5µg/ml transferrin, 5ng/ml 

selenium, 0.2% antibiotic (antimycotic solution, sigma).This media will be referred to 

as “complete media” throughout this thesis.  When cells reached confluence they were 

detached using trypsin/EDTA (Gibco).  A small aliquot of the cell suspension was 

mixed with trypan blue in a 1:1 ratio and a hemocytometer (Immune systems) was used 
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to calculate the number of cells per ml of solution.  This allowed accurate seeding of 

cells so as to maintain the cell line and to seed appropriate densities of cells for 

experimental use. 

 

For patch experiments cells were seeded out into 6 well cell culture plates (Corning 

Incorporated) containing 3-4 round glass cover slips and maintained in complete media 

in a humidified incubator at 5% CO2 and 95% air at 37°C until cell attachment had 

occurred (~2-3 hours).  The complete media was then replaced with a media where the 

foetal bovine serum and bovine calf serum were replaced with 8.5% dialysed foetal 

bovine serum with a molecular weight cut off of at 10 000kDa, in order to remove 

hormones and growth factors that may affect the pathways under investigation. Insulin 

was also added to this media (20nM).  The dialysed media was supplemented with 

insulin as H441 cells were easier to maintain in culture with this hormone present, 

however it would appear, at least in single H441 cells, insulin induces a chloride 

conductance (Brown et al, 2008).  Therefore future experiments should be undertaken 

with this in mind and should address these issues.  Furthermore insulin is a potent 

activator of PI3K, therefore it would be interesting to remove this hormone from the 

dialysed media and examine the effects of this upon the results obtained in this thesis.  

In most cases dexamethasone (dex) was added to the dialysed media (0.2 μM). Cells 

were maintained for 18-48 hours in a humidified incubator at 5% CO2 and 95% air at 

37°C. 

 

For Western blot experiments cells were seeded out into 6 well cell culture plates and 

maintained in complete media until ~80% confluence was reached.  Complete media 

was then replaced with dialysed media and replaced back into the incubator overnight.  
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For 18-24 hour dex-treatment dex was added at this point.  The following day 

appropriate hormones and / or inhibitors were added. Western blots were carried out 

using the Bio-Rad mini trans-blot cell system. 

II.  List of Reagents and solutions used for western blot 

Resolving gel 

 373mM tris (pH8.8), 10% acrylamide/bis-acrylamide (Bio-Rad), 65.6mM ammonium 

persulphate (APS), 3.45mM SDS and 0.12% of N,N,N’,N’-tetramethylethylenediamine 

(TEMED) 

Stacking gel 

123mM Tris-HCl (pH6.8), 4% acrylamide/bis-acrylamide, 65.6mM APS, 3.45mM SDS 

and 0.12% TEMED 

Running Buffer 

0.19M glycine, 24.7mM tris and 1.7mM SDS 

Transfer buffer 

0.19M glycine, 24.7mM tris and 20% methanol 

Tris Buffered Saline (TBS) 

20mM tris, 136mM NaCl and 0.1% tween can be added to give TBST 

Blocking buffer 

5% non fat milk in TBST 

Stripping buffer 

130mM glycine, 10mM tris, 2% tween, pH to 2.2 using concentrated HCl 
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Lysis buffer 

10mM monopotassium phosphate, 1mM EDTA, 10mM MgCl2, 50mM 

glycerophosphate, 5mM EGTA, 0.5% nondent P-40, 0.1% Brij 35, 1mM sodium 

orthovanadate.  One protease inhibitor tablet was added per 25mls of lysis buffer. 

Loading Dye 

32 mM Tris HCl, 12.5% glycerol, 1% SDS, 0.05% Bromophenol Blue 

TBS 

10mM Tris, 150mM NaCl and 0.1% Tween-20 can be added to make TBS-T 

Table 2.1 List of the primary antibodies used in Western experiments. 

Primary 
Antibody 

Source Company
Dilution 
Factor 

Molecular 
Weight 
(kDa) 

NDRG1 -
Phospho 

Sheep 
Cohen 
group 

1:150 
~ 46-48 

NDRG1 - 
Total 

Sheep 
Cohen 
group 

1.515 
~ 46-48 

Akt (PKB)  Rabbit Cell Sig 1:1000 60 

Phospho-
PKB 

(Ser473) 
Mouse Cell Sig 1:1000 

60 

Phospho-
PKB 

(Thr308) 
Rabbit Cell Sig 1:1000 

60 

PRAS40 – 
Total 

Rabbit Cell sig 1:1000 
40 

Phospho – 
PRAS40 
(Thr246) 

Rabbit Cell sig 1:1000 
40 

 

III.  Collection of protein samples for western blot 

Media from experimental cells was removed and cells were washed 2 times in ice cold 

PBS.  150 μls of lysis buffer was added to the cells, and vigorous scraping was applied 
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to aid cell lysis.  The resulting slurry was transferred into ice cold eppendorf tubes and 

was sonicated for 10 seconds and then centrifuged for 10 minutes at 14000 rpm at 4°C.  

The supernatant was transferred into fresh eppendorf tubes.  Bradford assay was then 

performed to determine the protein content of each sample. 

Bradford assay 

Bradford protein assay was developed by Mariorn Bradford and allows for quick 

quantification of protein in a sample (Bradford, 1976).  Coomassie Brilliant Blue G 

forms a complex with the proteins in a sample which causes a shift in the absorption 

maximum of the dye from 465 to 595nm, the amount of absorption is proportional to 

the protein present.  

Protein standards were prepared from a 100 μg/ml stock of BSA dissolved in deionised 

H2O at 0, 1.25, 2.5, 5 and 10 μg/ml.  Each sample was diluted 100 fold in deionised 

H2O.  180 μls of the protein standards and samples were mixed with 20 μls of Bradford 

reagent (Bio-rad, UK) and the amount of absorbance of each standard or sample 

solution was read at 595nm on a MRX microplate reader (Dynatech laboratories, UK).  

All standards and samples were carried out in duplicate. The absorbance values from the 

known standards were plotted in a line graph using Microsoft Excel. The protein 

concentrations of the unknown samples were calculated using the equation of the line (y 

= mx + c), where m is the gradient of the line and c is where the line intercepts the y-

axis. 

Polyacrylamide gel electrophoresis (PAGE) 

Protein samples were fractionised using sodium dodecyl sulphate (SDS) -PAGE.  Each 

gel was made fresh and contained an upper 4% acrylamide stacking gel and a lower 

10% acrylamide resolving gel.  Glass plates were clamped into the gel casting assembly 
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and the resolving gel was poured into the caster and butanol was overlaid and the gel 

left to polymerise for ~30minutes.  The butanol is washed off and stacking gel is poured 

into the caster.  Gel combs were added and the gels left to polymerise for ~30 minutes.   

Separation and transfer of proteins 

Gels casts were placed in the electrode tank and the inner and outer chambers were 

filled with running buffer.  Samples were defrosted and warmed for 5 minutes at 60°C 

before being loaded into the lanes produced by the combs.  A rainbow molecular weight 

marker (Bio-Rad, UK) and biotinylated molecular weight marker (New England 

Biolabs, UK) were also loaded.  The proteins were fractionised at 200V for ~40 minutes 

until they had reached the bottom of the gel.  Proteins were transferred onto 

nitrocellulose membrane, pore size 0.45 μm, by placing them in the transfer cassette and 

immersing them in transfer buffer and run at 100V for ~75 minutes. 

Western blotting 

Membranes were washed for 5 minutes in TBST and then blocked for 1 hour using the 

blocking buffer.  Membranes were then incubated in primary antibody overnight on at 

roller at 4°C.  Primary antibodies were diluted in blocking buffer to the appropriate 

concentration, see table 2.1.  Membranes were then washed 3 times in TBST for 7 

minutes per wash.  Membranes were next incubated in HRP-conjugated secondary 

antibody diluted in blocking buffer for 1 hour on a roller at 4°C (for NDRG1Thr346/356/366 

blots secondary antibody was incubated at room temperature).  Membranes were 

washed 3 times for 7 minutes per wash in TBST.  Bands were then visualised by 

combining ECL solutions 1 and 2 in a 1:1 ratio and applied to the membrane.  Each 

membrane was placed in a sealed plastic bag and exposed to x-ray film (Konica, UK) 

and developed using the Compact X4 developer (Xograph imaging systems, UK). 
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Stripping 

Blots using antibodies for NDRG1Thr346/356/366, PKBSer473 and PKBThr306 were stripped 

off the membrane using stripping buffer.  After proteins were visualised the membranes 

were washed 2 times in TBST for 5 minutes per wash and then washed twice for 30 

minutes per wash in stripping buffer.  Membranes were then washed in phosphate 

buffered saline (PBS) for 10 minutes before being washed 3 times in TBST for 10 

minutes per wash.  Membranes were then blocked for 1 hour in blocking buffer and 

then re-probed using antibodies raised against the total protein for NDRG1 or PKB. 

Inhibition of kinases 

The role of phosphatidylinositol 3-kinase (PI3K), mammalian target of rapamycin 

(mTOR) and serum- and glucocorticoid-regulated Kinase 1 (SGK1) were investigated 

using specific inhibitors.  For PI3K inhibition PI-103 (Merk Chemicals) was used at 

0.5μM.  Inhibition of mTOR was achieved using Torin1 at 0.1μM provided by the 

Sabatini lab (Cambridge, Massachusetts, USA).  As both PI-103 and Torin1 inhibit both 

mTOR complex 1 and mTOR complex 2 (mTORC1 and mTORC2 respectively), a 

specific inhibitor of mTORC1, rapamycin (Sigma), was used at 0.1μM.  SGK1 

inhibition was achieved using GSK 650394 (Tocris Bioscience) at 10μM.  Stock 

solutions were made of each inhibitor by dissolving in the appropriate volume of 

dimethyl sulphoxide (DMSO) which were then aliquoted and stored at -20°C. 

After at least 18 hours exposure to dexamethasone, cells were pre-treated with a single 

inhibitor for three hours before patching.  Only results obtained between 3-4 hours after 

pre-treatment with inhibitor were used.  While every effort was made to treat only cells 

in which a successful recording had been made from dexamethasone-treated cell, the 

nature of the patch clamp technique did not always allow for this. 
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IV.  Electrophysiology 

Cells were continuously superfused with a “control” solution that mimics the conditions 

of the extracellular fluid (ECS) at a rate of approximately 3mls/min.  ECS contained 

(mM): NaCl (140), CaCl2 (2.5), KCl (4.5), Glucose (5), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, 10) and MgCl2 (1).  The pH was then adjusted 

to 7.4 using NaOH giving a final Na+ concentration of 144.4mM.  The pipette filling 

solution contained: NaCl (10), KCl (18), K-gluconate (92), MgCl2 (0.5), ethylene glycol 

tetraacetic acid (EGTA, 1), HEPES (10) and the pH adjusted to 7.2 with KOH bringing 

the final K+ concentration to 113mM.  Amphotericin-B (Sigma) was made up in 

dimethyl sulphoxide (DMSO) to 10mg/ml and then diluted to 40μg/ml in pipette filling 

solution.  Amiloride hydrochloride hydrate (Sigma) was dissolved in water to give a 

stock of 10mM and was then diluted in ECS and the Low Na+ solution to a final 

concentration of 10μM.  Where cells had been pre-treated with an inhibitor, this was 

added to the superfusing solutions to the appropriate concentration.  All experiments 

were carried out at room temperature. 

Patch Clamp 

The patch clamp technique is a method by which it is possible to record the activity of 

single or multiple ion channels depending upon the configuration used.  The patch 

clamp technique involves bringing a glass fire polished microelectrode, filled with an 

appropriate filling solution (pipette filling solution), into close contact with a target cell. 

A gentle suction is applied to generate negative pressure in order to form a tight seal 

between the electrode and the cell membrane.  This seal is often referred to as a giga-

ohm (GΩ) seal as the electrical resistance between the cell and electrode is in excess of 

one GΩ.  The formation of this seal is vital as the high electrical resistance means that 
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there will be very little current leak between the electrode and pipette therefore reducing 

any error as a result of current leak.  

All patch clamp experiments in this thesis were measured using the perforated patch 

clamp technique.  This involves the addition of an antibiotic to the pipette filling 

solution (amphotericin B) which perforates the membrane under the patch.  This has the 

advantage over conventional whole cell recording as it allows control over the internal 

ionic concentrations of the cell without causing dialysis of the cell content.  However 

the access resistance (Ra) tends to be higher using perforated patch clamp which will 

introduce an error into the recordings as voltage applied to the cell will drop further 

over the higher Ra.  To overcome this problem the signal that is applied to the cell is 

compensated, and is known as series resistance compensation and will be discussed 

later in this chapter.  The majority of recordings were obtained from groups of H441 

cells containing approximately 3-6 cells.  Data obtained from single H441 cells is 

clearly identified where appropriate. 

Basic electrophysiological principles 

The cell must be thought of as an electrical circuit and how ion channels, the membrane 

and ionic movement are represented equate to the properties of an electrical circuit are 

crucial to this understanding.  Charge is a property that allows something to be affected 

by an electrical field, for example, ions in solution.  Voltage is the separation of charge 

which produces an electric field, for example intracellular ions are separated by the cell 

membrane from ions in the ECS.  Current is the movement of charge which therefore 

relates to the movement of ions.  Resistance is the opposition to the flow of charge and 

since ion channels permit the flow of ions they therefore provide a resistance, as such 

ion channels can be thought of as resistors when thinking about the cell as a circuit.  

Capacitance is the ability to store charge and as ions cannot cross the cell membrane, 
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they accumulate on either side of the membrane and therefore act in the manner of a 

capacitor.  Thus a model of a cell can be represented as a resistor-capacitor circuit (RC 

circuit) and is shown in figure 2.1.   

Ra

Rm
Cm

Vc

 

Figure 2.1 RC model of cell-attached patch.  Rm is the membrane resistance and Cm is 

the membrane capacitance.  The resistance provided by the remaining membrane in the 

patch, the pipette resistance, solution resistance and the resistance of the connecting 

circuitry is known as the access resistance (Ra).  Vc represents the voltage command 

than can be sent by the experimenter to the cell.  However as Ra and Rm are in series the 

Vc will drop across this resistance introducing a series resistance error. 

 

Series resistance compensation 

In patch clamp recordings the access resistance is in series with the membrane 

resistance (as seen in figure 2.1) therefore the voltage will drop over this.  The result is 
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that when a voltage is applied to the cell, it will drop over the Ra and Rm and therefore 

the initial command will not be applied to the cell resulting in a voltage error in the 

recordings.  In order to minimise this error, series resistance compensation was applied 

using the Axopatch 200B amplifier, which applies a compensated signal to the cell thus 

reducing the error.  The average Ra across all experiments is 33.2 MΩ, if we take the 

lowest value for Rm which was ~0.5 GΩ then the average voltage drop would be ~6.5% 

of the initial Vc.  However ~50% compensation was achieved therefore the average 

voltage drop would be ~3.25% of the original Vc and this was assumed to be negligible. 

Liquid junction potential 

A liquid junction potential (LJP) is the voltage that is generated by two solutions that 

come into contact with each other and arises due to flux of ions between the two 

solutions.  The differences in the mobility and concentrations of ions between the 

solutions effects the potential generated.  When the pipette comes into contact with the 

bath solution an LJP is generated, thus introducing a voltage error which needs to be 

corrected for.  The Clampex software suit contains a programme for working out the 

LJP (JPCalc; Barry, 1994) and was found to be 12.6mV for solutions used in this thesis.  

All values reported for Vhold and Vrev have been corrected for this.  A salt bridge filled 

with 3M KCl / 4% agar was used to ground the bath solution so as to reduce the effect 

of the solutions changes that take place during experiments on the reference electrode 

potential (Barry and Lynch, 1991) 

Experimental design 

Glass coverslips containing growing cells were placed into a perfusion bath of ~1ml 

volume that was mounted on a Nikon Diaphot inverted microscope.  The perfusion 

system allowed the changing of solutions by superfusion using a pinch valve system 
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(Scientific Instruments ALA-VM8, ALA Scientific Instruments inc, USA).  Borosilicate 

glass microelectrode pipettes (Clark Electromedical Instruments, UK) were fire polished 

to 1-1.8MΩ using a Flaming/Brown micropipette puller (P-97, Stutter Instruments co., 

USA).  A GΩ seal was formed by bringing the glass microelectrode into close contact 

with the target cell using the Burleigh PCS-5000 micromanipulator (Burleigh, USA) 

and applying a gentle suction.  Experiments were only performed after the formation of 

a stable GΩ seal and successful perforation of the membrane achieved.  A successful 

perforation was determined by a fall in Ra to a stable value which was typically around 

32 MΩ. However there was some degree of variability in this value. 

Recording Protocol 

Membrane currents (Im) were recorded from cells held under voltage clamp in the 

perforated patch configuration.  In all experiments a voltage ramp was applied (-113mV 

to +87mV, 2 s) which is repeated four times and the Im associated with this is recorded 

and averaged.  Ra and Cm were monitored throughout experiments and minor change 

applied as necessary, and all data is derived from experiments in which these parameters 

remained stable.  Plots are constructed to show the relationship between Vhold and Im.  

Downward deflections represent a depolarising inward current and upward deflections a 

hyperpolarising outward current.  The reversal potential is the value of Vhold at which Im 

is zero (Vrev).  The amiloride sensitive current (Iamil) was established by recording under 

control conditions and then switching to the solution containing amiloride and ~30 

seconds later a second recording was made.  The current recorded in the presence of 

amiloride was digitally subtracted from the current recorded under control conditions in 

order to isolate the amiloride sensitive component of the total current.  Conductance (G) 

was estimated by regression analysis of the Im - Vhold plots. 
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Equilibrium Potentials 

All equilibrium potentials quoted in this thesis were determined using the Nernst 

equation which is given as: 

(1.1)  Es = 2.303(RT/zsF)log10 ([S]o/[S]i) 

 

Where R is the gas constant (8.31 JK-1mol-1), T is the temperature in Kelvin (K), zs is 

the valency of the ion (S), F is the Faraday constant (96.5x103 Cmol-1) ans [S]o is the 

extracellular ion concentration and [S]i is the intracellular ion concentration.  If we use 

Na+ as an example under standard conditions in this thesis this gives: 

(1.2)  ENa = 2.303 (((8.31 JK-1mol-1)(295.15))/1(96.5x103 Cmol-1))log10  

(1.3)  ([144.4mM]o/[10mM]i) 

(1.4)  ENa = 58.5mV log10 ([144.4mM]o/[10mM]i) 

(1.5)  ENa = 67.8mV 

All equilibrium potentials were worked out in a similar manner and for EK was -82mV 

and ECl was -42mV.  It is important to note that this equation is only for single ions. 

Statistics 

All data are presented as mean ± standard error of the mean (SEM) and values of n refer 

to the number of independent experiments.  Statistical significance between recordings 

under ECS and ECS + amiloride was determined using Students paired t-test.  Where 

applicable, data were analysed using one-way analysis of variance (ANOVA), i.e. in 

cases where more than two groups were compared, as multiple t-tests results in a large 

type two error which results in the false rejection of the null hypothesis.  Bonferroni 

post-hoc test was performed, for example to determine the statistical significance of the 

effects of an inhibitor when compared to the control group.  
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Chapter 3 - Properties of H441 cells 
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Introduction 

The regulated absorption of fluid in the respiratory system is vital for fluid clearance at 

birth and efficient functioning throughout adult life, which develops late in gestation 

and is dependent on an increase in circulating GCs (Baines et al, 2000).  It is clear that 

GCs are important in the switch to a Na+ absorbing phenotype and this is demonstrated 

as they are used clinically to treat RDS and pulmonary oedema.  However, despite this 

and a large body of work, the mechanisms by which GCs act are still not fully 

understood (as discussed in the introduction). 

 

The H441 human bronchiolar cell line has been used as a model to investigate the 

mechanism of action of GCs to induce Na+ transport.  Work on this cell line has shown 

that H441 cells display an amiloride sensitive apical GNa in cells grown as confluent 

monolayers that is induced by dexamethasone (Sayegh et al, 1999; Itani et al, 2002; 

Lazrak and Matalon, 2003; Ramminger et al, 2004; Thomas et al, 2004; Albert et al, 

2008).  However differences exist between the studies such as the size of currents 

recorded: approx 7.5 (Sayegh), 10 (Itani) and 40 μA/cm2 (Ramminger). However these 

differences were assumed to arise from slight differences in culture methodology.  A 

more significant difference was observed as Lazark and Matalon, 2003 reported that 

H441 cells formed resistive monolayers and expressed basal amiloride sensitive Na+ 

transport, the opposite reported in Ramminger et al, 2004.  A relatively simple 

explanation for this discrepancy lies in the difference as to what both studies define as 

control conditions. A serum containing a poorly defined mix of hormones and growth 

factors was added to the control medium (Lazark and Matalon, 2003) whereas the other 

study used a serum that was dialysed to remove hormones and growth factors 

(Ramminger et al, 2004), therefore it is likely that the basal amiloride sensitive Na+ 
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transport was a result of activation by hormones/growth factors in the serum.  A 

subsequent study from Ramminger supported this as patch clamp recordings from H441 

cells only display an amiloride sensitive Na+ conductance in the presence of 

dexamethasone (Clunes et al, 2004).  It would also appear that cell contact is vital for 

the formation of a Na+ selective, amiloride sensitive conductance as only nonselective 

Na+ currents have been observed in single H441 cells (Brown et al, 2008; Gallacher et 

al, 2009).   Thus it is clear that H441 cells have an endogenous amiloride sensitive Na+ 

current that can be activated by dexamethasone and it would appear that this 

conductance can be acutely regulated by cAMP.  Exposing cells to compounds that 

raise intracellular cAMP levels resulted in an increase in observed currents (Ramminger 

et al, 2004; Clunes et al, 2004) and increased both channel open probability and the 

number of active channels (Lazark and Matalon, 2003).  Thus it would appear that H441 

cells are a useful model to investigate the activation of Na+ transport via GCs as they fit 

well with the model that GCs “prime” the lung for the switch to a Na+ absorbing 

phenotype and that cAMP can acutely regulate the channel.  However, as slight 

differences in culture conditions may affect channel properties and expression, it is 

therefore important to first characterise the dexamethasone induced increase in Na+ 

transport even though the culture conditions are similar to that reported in previous 

studies (Clunes et al, 2004; Brown et al, 2008; Gallacher et al, 2009).  It is important to 

note that the H441 cells were not grown in an air-liquid interface or on permeable 

supports which has also been reported to alter ion channel expression (Jain et al, 2001) 

 

SGK1 activation requires the phosphorylation of two distinct residues in order to confer 

activity (Biondi et al, 2001), which is dependent on PI3K activity (Kobayashi and 

Cohen, 1999; Park et al, 1999; Biondi et al, 2001). However there is little work into the 
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activity of either SGK1 or PI3K in H441 cells in the response to GCs.  Furthermore 

much of the evidence for the role of these kinases comes from studies in renal epithelia, 

therefore it is important to investigate this in pulmonary epithelia such as the H441 cell 

line. Studies that have looked to address this have transfected H441 cells with mutant 

forms of SGK1 and PI3K that are either constitutively active or catalytically inactive 

and because of this approach focus on single cells that only display a nonselective 

conductance (Brown et al, 2008; Inglis et al, 2009).  As such the activity of SGK1 and 

PI3K has not been fully investigated in this cell line.  NDRG1 is phosphorylated by 

SGK1 at Thr346/356/366 and not by other related kinases such as PKB/S6K1 or RSK1 

(Murray et al, 2004; Murray et al, 2005).  Thus antibodies raised against 

phosphorylated NDRG1-Thr346/356/366 can be used to monitor SGK1 activity (Murray et 

al, 2004) although this study was carried out in HeLa cells and sgk1 knockout mice. 

This approach has since been used as an assay for SGK1 activity in mouse cortical 

collecting duct cells (Mansely and Wilson, 2010a) and in H441 cells (Inglis et al, 2009; 

McTavish et al, 2010).  I therefore utilised this approach to further characterise the role 

of SGK1 in the response to GC treatment.  A similar approach can be applied to assay 

for PI3K as the phosphorylation of PKB-Ser473 has been shown to be a reliable read out 

for PI3K activity (Bayascas and Alessi, 2005) and has been used to assay for PI3K 

activity in mouse cortical collecting duct cells (Mansely and Wilson, 2010a).  Using 

these approaches I designed experiments to characterise the activity of both SGK1 and 

PI3K activity in H441 cells. 
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Results  

The aim of this section is to establish if dexamethasone could induce an amiloride 

sensitive current in H441 cells and whether this is affected by cell-cell contact.  To 

establish this patch clamp recordings were taken from single and groups of cells.  In 

order to better understand the molecular mechanisms involved, Western blot analysis 

was used to determine PI3K and SGK1 activity via phosphorylation status of PKB-

Ser473 and NDRG1-Thr346/356/366 respectively. 

Properties of single H441 cells 

Figure 3.1 shows the Im-Vhold relationship and the values of Vrev derived from these 

recording of single H441 cells superfused with the standard ECS control solution and 

ECS + amiloride (ECS + Amil., 10 μM).  The Cm for single cells was 28.3 ± 3.2pF 

which is similar to that reported in Brown et al, 2008 and Gallacher et al, 2010.  In the 

absence of dexamethasone, exposure to 10 μM amiloride had no effect on currents 

recorded and also no effect on the vales of Vrev.  In the presence of dexamethasone (0.2 

μM, 18-36 h), 10 μM amiloride had no effect on currents recorded or the values of Vrev.  

However the magnitude of the current at negative values of Vhold is larger.  There is a 

slight difference in the values of Vrev between cells in the presence and absence of 

dexamethasone. However this was determined to be non significant (one-way ANOVA 

with Bonferroni post hoc). 
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Fig. 3.1. Properties of single cells.  (A) Relationship between membrane current (Im) 

and holding potential (Vhold) quantified in glucocorticoid-deprived (n = 4, Cm = 27.5 ± 

3.4 pF, Ra = 14.3 ± 1.0 MΩ) cells during exposure to the standard extracellular solution 

(ECS) and after ~30s exposure to 10 μM amiloride (+Amil.).  (B) Equivalent data from 

dexamethasone-treated (0.2 μM, 18-36 h) cells (n = 6, Cm = 28.8 ± 5.2 pF, Ra = 25.8 ± 

3.5 MΩ).  (C) Values of Vrev derived by analysis of the data in A and B.  Table (D) 

shows the values for Vrev. 
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Properties of groups of H441 cells 

Figure 3.2 shows the Im-Vhold relationship and the values of Vrev derived from these 

recordings in groups of H441 cells superfused with ECS and ECS + amiloride (ECS + 

Amil., 10 μM).  The Cm for groups of cells was 43.9 ± 4.4 pF.  In the absence of 

dexamethasone, exposure to 10 μM amiloride had no effect on currents recorded and 

also no effect on the vales of Vrev.  In contrast to single cells, dexamethasone (0.2 μM, 

18-36 h) caused depolarisation and subsequent exposure of 10 μM amiloride caused a 

hyperpolarising response and a reduction in the magnitude of the inward current 

flowing at negative values of Vhold. 
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Figure. 3.2. Properties of groups of cells.  (A) (n = 12, Cm = 41.0 ± 4.9 pF, Ra = 22.2 

± 4.1 MΩ) cells during exposure to ECS and after ~30s exposure to 10 μM amiloride 

(+Amil.).  (B) Equivalent data from dexamethasone-treated (0.2 μM, 18-36 h) cells (n = 

9, Cm = 47.6 ± 8.0 pF, Ra = 28.9 ± 3.1 MΩ).  (C) Values of Vrev derived by analysis of 

the data in A and B; asterixes denote a statistically significant effect of amiloride (***, 

P < 0.001, Student’s paired t-test), cross denotes a statistically significant effect of 

dexamethasone (†, P < 0.05, one-way ANOVA with Bonferroni post hoc test).  Table 

(D) shows the values for Vrev. 
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Differences between groups and single cells 

Figure 3.3 shows further analysis of the data in figure 3.1 and 3.2 to obtain the Iamil (see 

methods) and the current at -82mV (I-82).  In single cells there is negligible Iamil in 

dexamethasone-deprived and dexamethasone-treated cells.  The I-82 in single 

dexamethasone-deprived cells is very low whereas the I-82 for dexamethasone-treated 

cells is larger although not amiloride sensitive.  Thus dexamethasone causes an increase 

in the magnitude of the I-82.  Under dexamethasone-deprived conditions in single cells 

there is negligible Iamil in groups of cells however there is a clear Iamil in groups of cells 

that have been treated with dexamethasone.  Furthermore this reverses close to the 

predicted value for ENa (+67.8 mV) indicating a high degree of Na+ selectivity.  

Dexamethasone causes an increase in the magnitude of the I-82 compared to 

dexamethasone deprived cells and in contrast to single cells this is amiloride sensitive. 

Table 3.1 values of I-82 derived from data in figure 3.1 (single cells) 

 Dex.-Free (pA/cell) Dex.-treated (pA/cell) 

ECS -7.6 ± 1.7 -42.7 ± 8.2 

+ Amil. -8.2 ± 2.0 -39.1 ± 14.2 

 

Table 3.2 values of I-82 derived from data in figure 3.2 (groups of cells) 

 Dex.-Free (pA/cell) Dex.-treated (pA/cell) 

ECS -16.5 ± 5.6 -34.3 ± 4.7 

+ Amil. -14.8 ± 5.2 -9.9 ± 2.4 
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Figure. 3.3. Differences between groups and single cells.  (A) Analysis of the 

amiloride sensitive component (Iamil) of the total membrane current for single cells 

derived from data shown in figure 3.1. A and B (n = 4, dex.-free; n = 6 dex.-treated).  

(B) Current flowing at -82mV derived from data in figure 3.1. A and B. Effect of 

dexamethasone was not found to be significant however it did approach significance (P 

= 0.054, one-way ANOVA with Bonferroni post hoc test) (C)  Analysis of Iamil of total 

membrane current for cells in groups derived from data shown in figure 3.2 A and B (n 

= 12, dex.-free; n = 9 dex.-treated). (D) Current flowing at -82mV, derived from data in 

figure 3.2. A and B; asterixes denote a statistically significant effect of amiloride (**, P 

< 0.01, Student’s paired t-test).  Cross denotes a statistically significant effect of 

dexamethasone (†, P < 0.05, one-way ANOVA with Bonferroni post hoc test) 
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Conductance in groups of H441 cells 

As the aim of this work was to investigate ENaC regulation the data from groups of 

H441 cells was further analysed in order to determine the conductance.  Figure 3.4 

shows the conductance derived from data in figure 3.2.  Dexamethasone (18-36 h, 0.2 

μM) clearly increases the conductance in H441 cells and this is reduced by exposure to 

10 μM amiloride.  Dexamethasone free cells have a similar conductance to that of 

dexamethasone-treated cells that have been exposed to amiloride thus indicating that the 

increase in conductance is due to amiloride sensitive channels. 
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Figure 3.4. Conductance derived from dex.-treated (n = 9) and dex.-free (n = 12) 

cells.  Asterixes denote a statistically significant effect of amiloride (***, P < 0.001, 

Student’s paired t-test), cross denotes a statistically significant effect of dexamethasone 

(†, P < 0.001, one-way ANOVA with Bonferroni post hoc test)  
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Pooled Iamil data 

All results from cells exposed to dexamethasone (0.2 μM 18-36 h) were pooled and the 

Iamil plotted.  The purpose of this was to confirm that dexamethasone caused the 

induction of a highly Na+ selective current. Figure 3.5 shows the pooled data of the Iamil 

from all cells exposed to dexamethasone (0.2 μM 18-36 h) used in this thesis and the Cm 

was 53.8 ± 4.1 pF.  The reversal potential is 66.7 ± 3.1 mV which is extremely close to 

the predicted value of ENa which is 67.8 mV indicating a very high degree of Na+ 

selectivity. 
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Figure 3.5 Pooled Iamil data for all control dex-treated recordings.  Pooled data of 

Iamil of the total membrane current for all dex-treated cells (0.2 μM, 18-36 h) recorded 

for this thesis (n = 31) 
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Does dexamethasone treatment alter the activity of PI3K and SGK1? 

Western blot analysis was carried out in order to determine the effects of 

dexamethasone treatment upon the activity of PI3K and SGK1.  Figure 3.6 shows the 

effects of dexamethasone-treatment on SGK1 activity as monitored by NDRG1-

Thr346/356/366 phosphorylation and PI3K activity as monitored by PKB-Ser473 

phosphorylation both acutely (0.2 μM, 0-6 h) and in cells that have been exposed to 

dexamethasone for 24 hours.  Acute dexamethasone-treatment increases the abundance 

of NDRG1-Thr346/356/366 phosphorylation without affecting the total abundance of 

NDRG1.  This increase is clearly apparent after 1 hour dexamethasone-treatment and 

persists for 6 hours although a decline is apparent by this time point.  Dexamethasone 

has no marked effect upon PKB-Ser473 phosphorylation or total PKB.  As patch clamp 

experiments are routinely carried out after 18-36 hours dexamethasone treatment, the 

phosphorylation status of both NDRG1 and PKB were examined after 24 hours 

exposure to dexamethasone.  
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Figure. 3.6 Endogenous protein phosphorylation in dex-treated cells.  (A) Typical 

western blot showing the effects of dex-treatment (0.2 μM, 0-6 h) on the abundance of 

NDRG1-Thr346/356/366 phosphorylation and total NDRG1.  (B)  Densometric analysis of 

pooled data from 6 experiments.  (C)  Typical western blot showing the effects of dex-

treatment (0.2 μM, 0-6 h) on the abundance of PKB-Ser473 phosphorylation and total 

PKB.  (D)  Densometric analysis of pooled data from 6 experiments.  Asterixes denote a 

statistically significant effect of dexamethasone (P < 0.001, one-way ANOVA) 
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Acute vs. 24 hour dex treatment upon PI3K and SGK1 activity 

As patch clamp experiments were undertaken after ~24 hours exposure to 

dexamethasone a series of experiments were designed to examine the effects of this 

treatment upon activity of PI3K and SGK1.  A 3 hour time point was chosen as a 

positive control as this typically gave the largest response.  Figure 3.7 confirmed that 

acute dexamethasone-treatment (3 h) increased the abundance of NDRG1-Thr346/356/366 

phosphorylation, however after 24 hours exposure to dexamethasone NDRG1-

Thr346/356/366 phosphorylation was essentially identical to that of those measured in 

dexamethasone-deprived cells.  Dexamethasone exposure had no effect upon -Ser473 

phosphorylation either acutely or after 24 hours exposure. 
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Figure. 3.7 Effect of dex.-treatment upon endogenous protein phosphorylation.  

Typical western blot showing the effect of  short term (3 h) and long term (24 h) dex 

treatment upon the cellular abundance of (A) NDRG1-Thr346/356/366 phosphorylation and 

total NDRG1 and (B) PKB-Ser473 and total PKB; essentially identical data was obtained 

from 4 experiments. 
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Does acute increase in Dex-evoked SGK1 activity induce ENaC activity 

Figure 3.8 shows the Im-Vhold relationship and the values of Vrev from dexamethasone-

deprived cells, dexamethasone-treated cells (0.2 μM, 18-36 h) and acute exposure to 

dexamethasone (0.2 μM, 3-4 h).The Cm for all recordings was 42.4 ± 2.8 pF.  There was 

no effect upon exposure to 10 μM amiloride in dexamethasone-deprived cells or the 

values of Vrev.  18-36 hours exposure to dexamethasone resulted in a depolarisation that 

was reversed by 10 μM amiloride.  Three hour dexamethasone exposure did not result 

in depolarisation and there was no effect upon exposure to 10 μM amiloride.  The 

values of Vrev were similar to those of dexamethasone-deprived cells. 

Table 3.3 values of Vrev derived from data in figure 3.8 

 Dex.-Free (mV) Dex. (3 h) (mV) Dex. (18-36 h) (mV) 

ECS -64.4 ± 4.2 -60.8 ± 7.2 -7.9 ± 7.3 

+ Amil. -64.6 ± 3.1 -61.3 ± 7.2 -65.8 ± 8.3 
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Figure 3.8. Effect of 3 hour vs. 18-36 hour dex-treatment.  (A)  Relationship between 

membrane current (Im) and holding potential (Vhold) quantified in glucocorticoid-

deprived cells (n = 3, Ra = 30.7 ± 9.1 MΩ).  (B)  Equivalent data from dex-treated (0.2 

μM, 18-36 h) cells (n = 5, Ra = 19.3 ± 2.1 MΩ).  (C) Equivalent data from dex-treated 

(0.2 μM, 3-4 h) cells n = 5, Ra = 30.7 ± 4.8 MΩ).  (D)  Values of Vrev derived from data 

in A, B and C; asterixes denote a statistically significant effect of amiloride (**, P < 

0.01, Student’s paired t-test). 
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 Acute dexamethasone treatment does not evoke ENaC activity 

Figure 3.9 shows further analysis of the data in figure 3.8 to obtain the Iamil and the I-82.  

There is no Iamil in dexamethasone-deprived or acute exposure to dexamethasone.  

Conversely in cells exposed to dexamethasone for 18-36 hours there is a clear Iamil that 

reverses at 49.9 ± 4.5 mV which is close to ENa indicating a high degree of Na+ 

selectivity.  Analysis of the I-82 shows that dexamethasone-deprived and acute exposure 

to dex have little effect on the current whereas longer exposure to dexamethasone 

causes a clear rise of the I-82 which is reversed by amiloride. 
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Fig. 3.9.  Iamil of 3 hour vs. 18-36 hour dex-treatment.  (A)  Analysis of the Iamil of the 

total membrane current for cells derived from data shown in fig. 4.5. A, B and C.  (B) 

Current flowing at -82mV derived from data in fig. 4.5. A, B and C; asterixes denote a 

statistically significant effect of amiloride (**, P < 0.01, Student’s paired t-test). 
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Discussion 

The data presented in this chapter confirms that dexamethasone induces an ENaC like 

current in H441 cells, however it also demonstrates that SGK1 activity does not 

correlate with this ENaC activity.  Furthermore PI3K activity is not affected by 

dexamethasone treatment and as this is reported to be required for SGK1 activity then 

this data questions the role that both SGK1 and PI3K play in the induction and 

maintenance of GC induced ENaC activity. 

Glucocorticoid-induced current in H441 cells 

The data clearly demonstrates that single H441 cells do not display an Iamil, however 

dexamethasone does cause a slight depolarisation in the values of Vrev (~10 mV) and 

also causes an increase in the magnitude of the currents recorded and this is in 

agreement with previous studies of single H441 cells (Brown et al, 2008; Gallacher et 

al, 2009).  In these studies currents were recorded under an additional experimental 

solution where the external concentration of Na+ was lowered from 144.4 mM to 10 

mM by replacing Na+ with the nominally impermeant cation N-methyl-D-

glucammonium, which resulted in a hyperpolarising response thereby indicating that the 

depolarisation was a result of Na+ transport.  Furthermore the currents recorded from 

single H441 cells were shown to be sensitive to lanthanum (Gallacher et al, 2009), 

which is a well known blocker of nonselective cation channels.  Therefore due to the 

similarity between the data presented in this thesis and the data from Brown et al, 2008 

and Gallacher et al, 2009 it would seem highly likely that dexamethasone treatment 

causes the induction of a nonselective cation conductance.  The expression of 

nonselective and selective sodium currents have been previously observed in H441 cells 

grown as monolayers (Shlyonsky et al, 2005; Albert et al, 2008), A549 cells and 
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isolated rat ATII cells (Ito et al, 1997; Marunaka et al, 1999; Jain et al 2001).  

Interestingly one of these studies has reported an effect of cell-cell contact in H441 cells 

on the expression of nonselective currents.  Amiloride sensitivity was not observed in 

low resistance monolayers but was seen in high resistance monolayers thus indicating 

that the degree of “tightness” or the formation of tight junctions influences the 

biophysical properties of H441 cells (Shlyonsky et al, 2005).  While 

electrophysiological experiments were carried out under subconfluent conditions, 

groups of H441 cells clearly display an Iamil that reverses close to ENa therefore 

indicating a high degree of Na+ selectivity that is only present with dexamethasone-

treatment.  The expression of a highly selective Na+ current is associated with the 

expression of α-ENaC, -ENaC and γ-ENaC subunits (Canessa et al 1994; Kosari et al, 

1998; Anantharam and Palmer 2007) and as such the results here confirm previous 

observations that dexamethasone exposure results in an ENaC like conductance in H441 

cells that is dependent on cell-cell contact (Clunes et al, 2004; Brown et al, 2008; 

Gallacher et al, 2009). 

The observation that dexamethasone increases the conductance in H441 cells in an 

amiloride sensitive fashion is further evidence of ENaC like activity.  However there is 

an underlying conductance which is likely attributed to Cl- transport.  Brown et al 

(2010) reported that the Vrev in hormone-deprived single H441 cells was -80mV which 

was almost identical to EK (-82 mV) and that lowering either [Na+]o or [Cl-]o had no 

effect upon this.  However raising [K+]o resulted in a depolarising response therefore 

they concluded that the dominant ionic conductance in hormone-deprived cells is K+ 

transport.   However they also found that in single insulin-treated H441 cells that the 

Vrev was -60mV and this difference was the result of a Cl- conductance.  As the Vrev of 

single and groups of dexamethasone-free cells reported in this thesis is almost identical 
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to that reported by Brown et al (2010), it is likely that there is a Cl- conductance present, 

as Vrev has shifted towards ECl (-42 mV) and this is the likely cause of the conductance 

in dexamethasone-free cells and the amiloride insensitive conductance.  

The role of SGK1 and PI3K 

Acute dexamethasone treatment clearly causes an increase in the phosphorylation of 

NDRG1-The346/356/366 thereby indicating increased activity of SGK1.  This result was 

expected as SGK1 is known to be activated by GCs (Webster et al, 1993; Lang et al, 

2009).  Increased activity could be seen after one hour dexamethasone exposure and 

remained elevated for at least six hours although a slight decline was evident at this time 

point and this result accords well with that reported in Inglis et al, 2009.  SGK1 activity 

is dependent on PI3K-TORC2 phosphorylation of its hydrophobic motif (Ser422) and as 

such PI3K activity was hypothesised to increase with dexamethasone exposure.  

However this is clearly not the case as there is no discernible affect on PKB-Ser473 

phosphorylation thus indicating that PI3K activity is not increased in dexamethasone-

treated cells.  Thus it would appear that the role of PI3K is a permissive one and this has 

been reported in kidney epithelium where dexamethasone activated SGK1 without 

affecting PI3K or TORC2 activity (Mansley and Wilson, 2010b).  While these results 

indicate the activity of SGK1, they cannot determine the abundance of SGK1 and it is 

therefore important to note that dexamethasone has been shown to increase the 

abundance of SGK1 (Wang et al, 2001; Gonzalez-Rodriguez et al, 2007), thus it is 

possible that increased activity of SGK1 is a result of increasing levels of SGK1 and 

that PI3K-TORC2 confer catalytic activity and therefore does not require further 

activation of PI3K. 

It was observed that after 24 hour treatment SGK1 activity had returned to the levels 

observed in dexamethasone-deprived cells.  This result was unexpected as by this time 



 76

there is clear activation of the amiloride sensitive Na+ current.  This indicates that 

increased activity of SGK1 is not required to maintain the amiloride sensitive Na+ 

current, rather, it may act as a type of biological “switch” whereby a transient increase 

in activity of SGK1is permissive for the cellular response to dexamethasone.  This 

chronic decrease in SGK1 activity was documented in Inglis et al, 2009, where SGK1 

activity was actually observed to fall below that seen in the control cells.  This 

discrepancy may be explained as insulin was not present in the media used in this study 

thereby possibly lowering the activity of PI3K and therefore lowering SGK1 activity.  

This also brings into question the role that SGK1 plays in the activation of the amiloride 

sensitive Na+ current in lung epithelium. 

Acute dexamethasone-treatment upon the electrophysiological 

properties  

As SGK1 activity is highest after three hours treatment with dexamethasone, we 

explored where or not there was activation of the amiloride sensitive Na+ current at this 

time point.  However the data clearly shows (see fig 3.8 and 3.9) that dexamethasone 

has no effect on the electrophysiological properties of H441 cells after three hours.  This 

brings into question the role that SGK1 plays in the maintenance and induction of Na+ 

transport in lung epithelium, a view that is supported by the lack of any functional 

abnormalities in sgk1 gene knockout mice (Wulff et al, 2002; Grahammer et al, 2006; 

Rexhepaj et al, 2006; Fejes-Toth et al, 2008) and suggests some redundancy in the 

SGK1 mediated control of ENaC. 

Conclusions 

These findings support previous studies that show GCs can induce Na+ currents in H441 

cells and that cell-cell contact plays a vital role in the biophysical properties of the cell.  
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Most importantly they demonstrate that H441 cells display an inducible “ENaC like” 

Na+ conductance in response to GCs and are thus is in agreement with previous studies 

that this cell line is a useful model in which to investigate the molecular mechanism 

underlying ENaC activity in lung epithelium.  While it is reported that PI3K is vital to 

confer catalytic activity of SGK1, dexamethasone does not appear to affect the activity 

of this kinase therefore suggesting its role is permissive.  Furthermore the increased 

SGK1 activity in response to dexamethasone is not in accordance with an increase in 

Na+ transport as there appears to be a time discrepancy between the two.  This result 

brings into question the role of SGK1 in the induction and maintenance of Na+ transport 

in H441 cells thus suggesting that dexamethasone may act via alternative signalling 

pathways.  In order to further explore the role of PI3K and SGK1 we designed 

experiments using novel specific inhibitors to examine the effects of PI3K/TORC2 and 

SGK1 inhibition on the response to dexamethasone.  The results of these experiments 

are discussed in chapters five and six. 
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Chapter 4 – The role of PI3K 
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Introduction 

The role that SGK1 plays in the induction and maintenance of the Na+ absorbing 

phenotype of lung epithelium is unclear as there is no discernible lung phenotype in 

sgk1 gene knockout mice, both histology and function were unaffected (Wulff et al, 

2002).  Whereas it was expected that sgk1 knockout would result in a failure to clear 

lung fluid at birth.  The results presented in chapter four of this thesis further question 

the role of SGK1, as when activity is highest, there is no ENaC activity (see figure 3.7 

and 3.8).  However there is evidence that PI3K may work independently of SGK1 to 

induce Na+ transport.  For example it has been shown that PKB isoforms can mediate 

the effect of insulin on ENaC in rat thyroid cells (Lee et al, 2007).  This study 

concluded that both SGK1 and PKB activity were required to maintain basal levels of 

Na+ transport as siRNA directed against PKB and SGK1 reduced amiloride sensitive 

Na+ transport, although there was a more pronounced effect when siRNA directed 

against both kinases were transfected together (Lee et al, 2007).  Nevertheless this does 

provide evidence of SGK1 independent control of Na+ transport.  Furthermore PI3K 

may affect ENaC through its second messengers PIP2 and PIP3 which have been shown 

to be involved in ENaC trafficking (Blazer-Yost et al, 2004) and to affect channel 

gating kinetics (Pochynyuk et al, 2007).  However this study found that while acute 

increases in PIP2 could increase channel open probability, chronic exposure had no 

effect, leading to the conclusion that PIP2 is required to confer constitutive channel 

activity that can be altered via other modulators (Pochynyuk et al, 2007).  Thus PI3K 

activity could be able to confer ENaC activity independently of SGK1 via this 

mechanism.  However, as cells were maintained in media containing corticosteroids, 

this possibility remains experimentally unverified.   
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Many studies have used pharmacological inhibitors of PI3K such as LY294002 and 

wortmannin, however these inhibitors were shown to inhibit mTOR at concentrations 

similar to those used to inhibit PI3K and they do so by inactivating the PI3K p85-p110 

catalytic domain (Brunn et al, 1996).  However both compounds act in a different 

manner: LY294002 acts as a competitive inhibitor of ATP and is reversible (Vlahos et 

al, 1994), whereas wortmannin acts as a non competitive inhibitor (Okada et al, 1994) 

by covalently modifying a lysine residue in the p110 catalytic domain (Wymann et al, 

1996).  Furthermore a study into protein kinase inhibitors confirmed that both 

wortmannin and LY294002 have non-specific effects (Bain et al, 2007).  Although 

wortmannin was found to have fewer non-specific effects than LY294002, it is unstable 

in aqueous solution and therefore its use is limited.  Both LY294002 and wortmannin 

inhibit other kinases aside from PI3K that have been implicated in ENaC regulation.  

Casein kinase 2 has been reported to be involved with ENaC regulation by inhibiting 

the Nedd4-2 pathway (Shi et al, 2002; Bachhuber et al, 2008).  Wortmannin was also 

shown to inhibit smooth muscle myosin light chain kinase, which may contribute to 

ENaC trafficking (Tokuda et al, 2002).  Thus care should be taken when interpreting 

results obtained from the use of these compounds.  A study in 2006 showed that a novel 

PI3K inhibitor, PI-103, displayed a much more selective inhibition of PI3K and at lower 

concentrations than LY294002; however they also found that it inhibited mTOR (Fan et 

al, 2006).  Bain et al, 2007 found that PI-103 did not inhibit either casein kinase 2 or 

smooth muscle myosin light chain kinase or other members of the PI3K superfamily 

and therefore suggest that use of LY294002 be discontinued and PI-103 used as its 

replacement.  However as PI-103 also inhibits mTORC1 the highly specific mTORC1 

inhibitor rapamycin should be used in parallel to make sure the effects of PI-103 are due 

to PI3K, and not mTORC1, inhibition (Bain et al, 2007).  
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There are studies that have explored the role of PI3K in Na+ transport in H441 cells 

(Brown et al, 2008; Gallagher et al, 2009; McTavish et al, 2009, Inglis et al, 2009).  

Transfection of a constitutively active PI3K subunit (CD2-p110α) did not induce Na+ 

transport in hormone deprived cells but did augment the response to dexamethasone 

thus suggesting that PI3K activity alone is not sufficient to induce Na+ transport in 

single H441 cells (Brown et al, 2008; Gallagher et al, 2009).  Nevertheless PI3K 

activity was thought to be important as LY294002 completely abolished Na+ transport 

in single H441 cells (Gallagher et al, 2009; Inglis et al, 2009).  Furthermore it would 

appear that PI-103, a more specific and potent inhibitor of PI3K (Fan et al, 2006; Bain 

et al, 2007), does not cause complete inactivation of SGK1 activity as monitored by 

NDRG1 phosphorylation (McTavish et al, 2009) thus suggesting that SGK1 activity 

may not be fully dependent on PI3K. However as the electrophysiological properties of 

the cells were not investigated in this study, the effect of PI3K inhibition on Na+ 

transport could not be determined. 
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Figure 4.1  Diagram showing predicted pathway of Glucocorticoid ENaC regulation.  

Phosphorylation of PKB at the Ser473 residue can be used to assay for TORC2 activity while 

phosphorylation at the Thr308 residue can be used to assay for PDK1 activity.  As both these kinases are 

PI3K dependent then phosphorylation of these residues indicates PI3K activity.  Similarly NDRG1 

phosphorylation can be used to assay for SGK1 activity. 

 

PI3K is thought to activate SGK1 through a signalling pathway involving TORC2 

(Garcia-Martinez and Alessi, 2008; Lu et al, 2010); however it has also been shown that 

TORC2 is the kinase responsible for hydrophobic motif phosphorylation of PKB-Ser473 

(Sarbassov et al, 2005).  Therefore while phosphorylation of PKB-Ser473 can be used as 

an assay for PI3K activity, it also indicates the activity of TORC2 and has been used for 

this purpose (Thoreen et al, 2009; Lu et al, 2010; Mansley and Wilson, 2010a; Kuehn et 

al, 2011).  Phosphorylation of PKB-Ser473 is thought to enhance PDK1 dependent 

phosphorylation of the activation loop of PKB (Thr308) (Scheid et al, 2002; Yang et al, 
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2002; Sarbassov et al, 2005) possibly by providing a docking site for PDK1.  As PDK1 

is dependent on PI3K activity, PKB-Thr308 phosphorylation can therefore be used to 

determine PDK1/PI3K activity.  Therefore by blotting for both PKB-Ser473 and PKB-

Thr308, PI3K activity can be monitored and also allows for distinction between 

inhibition of mTORC2 and PDK1.  However care must be taken when interpreting 

results as PKB-Ser473 phosphorylation affects PDK1 dependent phosphorylation of 

PKB-Thr308 (Sarbassov et al, 2005; Lu et al, 2010).  Using this approach I designed 

experiments to look at the effect of PI-103 on PI3K activity and the subsequent effects 

on the dexamethasone-induced ENaC activity in H441 cells, in order to determine 

whether this is truly dependent upon PI3K. 
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Results 

The aim of this section was to determine the role of PI3K in the maintenance of the 

amiloride sensitive current induced by dexamethasone.  This was achieved by recording 

from groups of H441 cells that had been exposed to dexamethasone for 18-36 hours 

(control) and control cells that had been exposed to 3-4 hours PI-103 after 

dexamethasone treatment (18-36 h).  Western blot analysis was used to determine that 

inhibition of PI3K was successful, by phosphorylation status of two downstream 

substrates (PKB-Ser473 and PKB-Thr308) and the effect on SGK1 activity (NDRG1-

Thr346/356/366).  As PI-103 is known to inhibit mTORC1, further experiments were 

carried out using the specific mTORC1 inhibitor rapamycin to determine whether any 

affects of PI-103 were the result of mTORC1 inhibition rather than PI3K inhibition. 

Effect of PI3K inhibition on the dexamethasone induced depolarisation 

Figure 4.2 shows the Im-Vhold relationship from recordings of H441 cells that had been 

exposed to control conditions (dex: 0.2 μM, 18-36 h) and after 3-4 hours exposure to PI-

103 (0.5 μM).  Initial recording was made under ECS control solution and then ECS + 

amiloride (ECS + Amil., 10 μM).  Bathing solutions for PI-103 treated cells contained 

0.5 μM PI-103, and recordings were made from them.  The Cm for control cells was 

55.3 ± 10.8 pF and Cm for PI-103-treated cells was 46.2 ± 9.3 pF.  As observed in 

chapter 4 dexamethasone causes depolarisation and a hyperpolarising response is seen 

upon application of amiloride.  PI-103-treatment abolishes the depolarisation in 

response to dexamethasone and there is no effect of amiloride. 
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Figure 4.2 Dexamethasone and PI-103 treated cells.  (A) Relationship between 

membrane current (Im) and holding potential (Vhold) quantified in dex.-treated cells (0.2 

μM, 18-36 h, n = 5) during exposure to ECS and ECS + amiloride (10 μM).  (B) 

Equivalent data from control cells that have been exposed to 3-4 hours of PI-103 (0.5 

μM, n = 6) after dex.-treatment. 
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Effect of PI3K inhibition on Vrev and I-82 

Figure 4.3 shows the values of Vrev and the I-82 derived from data in figure 4.2.  

Dexamethasone (0.2 μM, 18-36 h) causes depolarisation and exposure to 10 μM 

amiloride causes a hyperpolarising response.  However exposure to PI-103 (0.5μM, 3-4 

h) abolishes the dexamethasone induced depolarisation and there is no effect of 

amiloride on the value of Vrev.  PI-103 reduces the magnitude of the I-82 and is amiloride 

insensitive, whereas under control conditions there is clear amiloride sensitivity to the I-

82. 
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Figure 4.2 Vrev and I-82 for dex-treated and PI-103 treated cells.  (A) and (B) values 

of Vrev derived by analysis of the data in figure 4.2 A and B (control n = 5; PI-103-

treated n = 6).  (C) and (D) current flowing at -82mV, derived from data in figure 4.2. A 

and B (control n = 5; PI-103-treated n = 6).  Asterixes denote a statistically significant 

effect of amiloride (*, P < 0.05, **, P < 0.01, Student’s paired t-test), cross denotes a 

statistically significant effect of PI-103 (†, P < 0.001, one-way ANOVA with 

Bonferroni post hoc test). 
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Effect of PI3K inhibition on the amiloride sensitive current 

Figure 4.4 shows further analysis of the data in figure 4.1 to obtain the Iamil for control 

cells and cells treated with PI-103.  In control cells there is a clear Iamil that reverses at 

51.1 ± 4.0 mV which is similar to the predicted value for Na+ therefore indicating a high 

degree of Na+ selectivity.   Exposure to PI-103 (0.5μM, 3-4 h) completely abolishes the 

Iamil. 
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Figure. 4.4. Iamil for dex-treated and PI-103 treated cells.  (A) Analysis of the 

amiloride sensitive component (Iamil) of the total membrane current for control cells (n = 

5) and PI-103 treated cells (0.5 μM, n = 6) derived from data in figure 4.2 A and B. 
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Effect of PI3K inhibition on endogenous protein phosphorylation 

Figure 4.5 shows the effects of dexamethasone-treatment and PI3K inhibition on SGK1 

activity as monitored by NDRG1-Thr346/356/366 phosphorylation and PI3K activity as 

monitored by PKB-Ser473 and PKB-Thr308 phosphorylation.  Acute dexamethasone-

treatment increases the abundance of NDRG1-Thr346/356/366 phosphorylation whereas, 

after 24 hours exposure to dexamethasone, NDRG1-Thr346/356/366 phosphorylation was 

essentially identical to that of those measured in dexamethasone-deprived cells.  PI-103-

treatment completely abolishes NDRG1-Thr346/356/366 phosphorylation, furthermore total 

NDRG1 remains unaffected.  Acute and longer term dexamethasone-treatment has no 

effect on either PKB-Ser473 or PKB-Thr308 phosphorylation.  However PI-103-treatment 

abolishes phosphorylation of both PKB-Ser473 and PKB-Thr308 while total PKB is 

unaffected. 
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Figure 4.5 Effect of PI-103 upon endogenous protein phosphorylation.  Cells were 

maintained in dexamethasone-free medium and then exposed to dexamethasone for 3 

hours, ~24 hours or ~24 hours with 3 hours exposure to PI-103 (0.5μM) and then 

subjected to western blot analysis to determine phosphorylation and total protein 

abundance of NDRG1 and PKB.  Shown are typical blots representative of 4 such 

experiments (A) NDRG1-Thr246/256/366 / Total-NDRG1 (C) PKB-Ser473 / PKB-total (E) 

PKB-Thr308 / PKB-total.  Densometric analysis of 4 such experiments are shown in (B), 

(D) and (F).  Cross indicates statistically significant effect of dexamethasone (†, P < 

0.05 one way ANOVA), asterixes denote a statistically significant effect of PI-103 (* P 

< 0.05, **, P < 0.01 one way ANOVA). 
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Effect of mTORC1 inhibition 

As PI-103 has been shown to inhibit mTOR, parallel experiments were run using 

rapamycin which is an exquisitely specific inhibitor of mTORC1 (Bain et al, 2007).  

Figure 4.6 shows the Im-Vhold relationship from recordings of H441 cells that had been 

exposed to control conditions (dex: 0.2 μM, 18-36 h) and after 3-4 hours exposure to 

rapamycin (0.1 μM).  Initial recording was made under ECS control solution and then 

ECS + amiloride (ECS + Amil., 10 μM).  Recordings made from rapamycin-treated 

cells the bathing solutions contained 0.1 μM rapamycin.  The Cm for control cells was 

67.4 ± 13.4 pF and Cm for rapamycin-treated cells was 79.3 ± 19.3 pF.  Dexamethasone 

causes depolarisation and a hyperpolarising response is seen upon application of 

amiloride.  Rapamycin-treatment does not abolish the depolarisation in response to 

dexamethasone and there is a hyperpolarising effect of amiloride. 



 92

 

Im

(pA/pF)
B Dex. + Rapamycin

Im

(pA/pF)

Vhold (mV)

A + Dex.

Vhold (mV)

-4

-2

0

2

4

-120 -90 -60 -30 0 30 60 90

E C S
E C S +  Am il.

-4

-2

0

2

4

-1 20 -90 -6 0 -3 0 0 3 0 60 9 0

E C S
E C S  +  A m il.

 

Figure 4.6 Dexamethasone and rapamycin treated cells.  (A) Relationship between 

membrane current (Im) and holding potential (Vhold) quantified in control cells (0.2 μM, 

18-36 h, n = 4) during exposure to ECS and ECS + amiloride (10 μM).  (B) Equivalent 

data from control cells that have been exposed to 3-4 hours of rapamycin (0.1 μM, n = 

5). 
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Effect of mTORC1 inhibition on Vrev and I-82 

Figure 4.7 shows the values of Vrev and the I-82 derived from data in figure 4.5.  

Dexamethasone (0.2 μM, 18-36 h) causes depolarisation and exposure to 10 μM 

amiloride causes a hyperpolarising response.  Exposure to rapamycin (0.5μM, 3-4 h) 

does not abolish the dexamethasone induced depolarisation and there is a 

hyperpolarising response to amiloride on the value of Vrev.  Although this response is not 

significant, it does tend towards significance (P = 0.0576, students paired t-test).  

Rapamycin does not have a significant effect on the values of Vrev or I-82 (ANOVA with 

Bonferoni post hoc test). 
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Figure 4.7  Vrev and I-82 for dex- and rapamycin treated cells.  (A) and (B) values of 

Vrev derived by analysis of the data in figure 4.1 A and B (control, n = 4; rapamycin, n = 

5).  (C) and (D) current flowing at -82mV, derived from data in figure 4.6. A and B 

(control, n = 4; rapamycin, n = 5).  Asterixes denote a statistically significant effect of 

amiloride (*, P < 0.05, **, P < 0.01, Student’s paired t-test).  Whilst the effect of 

amiloride was found not to be significant in rapamycin treated cells, it did approach 

significance (P = 0.058, student’s paired t-test). 
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Effect of mTORC1 inhibition on the amiloride sensitive current 

Figure 4.8 shows further analysis of the data in figure 4.1 to obtain the Iamil for control 

cells and cells treated with rapamycin.  In control cells there is a clear Iamil that reverses 

at 58.4 ± 10.4 mV. Furthermore there is an obvious Iamil in rapamycin-treated cells that 

reverses at 62.0 ± 5.4 mV.  Both reverse at values similar to the predicted value for Na+ 

therefore indicating a high degree of Na+ selectivity. 
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Figure. 4.8. Iamil for dex- and rapamycin treated cells.  (A) Analysis of the amiloride 

sensitive component (Iamil) of the total membrane current for control cells (n = 4) and 

rapamycin treated cells (0.1 μM, n = 5) derived from data in figure 4.6 A and B. 
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Effect of mTORC1 inhibition on endogenous protein phosphorylation 

Figure 4.9 shows the effects of dexamethasone-treatment and mTORC1 inhibition on 

SGK1 activity as monitored by NDRG1-Thr346/356/366 phosphorylation, mTORC2 

activity as monitored by PKB-Ser473 and PI3K activity as monitored by PKB-Thr308 

phosphorylation.  After 24 hours exposure to dexamethasone NDRG1-Thr346/356/366 

phosphorylation had not increased compared to hormone free.  Rapamycin-treatment 

has no effect on NDRG1-Thr346/356/366 phosphorylation, furthermore total NDRG1 

remains unaffected.  Rapamycin has no effect on either PKB-Ser473 or PKB-Thr308 

phosphorylation and total PKB is unaffected. 
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Figure 4.9 Effect of rapamycin on endogenous protein phosphorylation.  Cells were 

maintained in either dexamethasone-free media, exposed to dexamethasone for ~24 

hours (control) or control cells with 3 hours exposure to rapamycin (0.1 μM) and then 

subjected to western blot analysis to determine phosphorylation and total protein 

abundance of NDRG1 and PKB.  Shown are typical blots representative of 4 such 

experiments (A) NDRG1-Thr246/256/366 / Total-NDRG1 (C) PKB-Ser473 / PKB-total (E) 

PKB-Thr308 / PKB-total.  Densometric analysis of 4 such experiments are shown in (B), 

(D) and (F). 

 



 98

Effect of PI-103 and rapamycin on conductance 

To further examine the effects of PI-103 and rapamycin on the biophysical properties of 

H441 cells the conductance was determined by further analysis of the data obtained 

from figures 4.1 and 4.5.  Figure 4.10 clearly shows that dexamethasone-treatment (18-

36 h, 0.2 μM) increases the conductance and this is sensitive to 10 μM amiloride (A) 

and (B).  PI-103 (0.5 μM, 3-4 h) completely abolished the effect of dexamethasone 

however rapamycin (0.1 μM, 3-4 h) had no significant effect. 
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Figure 4.10 Effect of PI-103 and rapamycin upon conductance.  Further analysis of 

the data obtained from figures 4.2 (A) and 4.6 (B); asterixes denote a statistically 

significant effect of amiloride (* P < 0.05, ** P < 0.01 and *** P < 0.001, Student’s 

paired t-test), cross denotes a statistically significant effect of PI-103 (†, P < 0.001, one-

way ANOVA with Bonferroni post hoc test). 
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Discussion 

The data further confirm the observation that dexamethasone increased SGK1 activity 

and that after ~24 hours exposure, activity dropped to the level seen in dexamethasone-

free cells.  The PI3K assay was expanded upon to include PKB-Thr308 phosphorylation, 

thus allowing the determination of the phosphorylation status of two downstream 

substrates, which confirms dexamethasone has no effect upon PI3K activity, thus 

strengthening the case of a permissive role for PI3K.  Treatment with PI-103 completely 

abolishes the phosphorylation of both PKB residues and therefore is consistent with the 

view that PI-103 completely inhibits PI3K (Fan et al, 2006; Bain et al, 2007).  PI-103 

treatment also abolishes SGK1 activity and this result was expected as SGK1 activity 

has been shown to be dependent on PI3K activity (Kobayashi and Cohen, 1999; Park et 

al, 1999; Biondi et al, 2001).  However, this result is in contrast to another study which 

showed that PI-103 did not fully inhibit SGK1 activity as NDRG1 phosphorylation was 

not abolished in H441 cells (McTavish et al, 2009).  The reason for this discrepancy is 

unclear as the cells were treated in a similar fashion, although as PI3K activity was not 

assayed in McTavish et al, (2009), the possibility that PI-103 did not fully inactivate 

PI3K cannot be ruled out.  However it is clear from the data presented here that PI-103 

causes inhibition of PI3K and SGK1 activity.  Therefore I looked at the effect of PI-103 

on the dexamethasone-induced amiloride sensitive current and found that PI-103 

abolished the dexamethasone induced amiloride sensitive current; this agrees well with 

the theory that PI3K is vital for the induction and maintenance of Na+ transport in lung 

epithelium.  PI3K inhibition has been shown to abolish Na+ transport in H441 cells 

(Inglis et al, 2009); however LY294002 was used and therefore these results may have 

been due to the non-specific effects of LY294002.  The results presented here therefore 
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confirm that PI3K activity is important for the maintenance of dexamethasone induced 

ENaC activity in lung epithelium. 

 

As PI-103 is known to inhibit TORC1 (Bain et al, 2007) the effects of the highly 

specific TORC1 inhibitor, rapamycin, were explored.  Rapamycin-treatment did not 

mimic the effects of PI-103 on NDRG1 or PKB phosphorylation, and it had no effect 

upon the electrophysiological properties of dexamethasone-treated cells.  Therefore 

these results are in agreement with those of Lu et al, 2010 that report no role for 

TORC1 in the induction and maintenance of ENaC activity irrespective of PI3K 

activity.   

Interestingly PI-103 does not completely abolish the conductance seen in H441 cells.  

There is a clear amiloride-insensitive conductance, which is likely, in part, due to 

insulin stimulated Cl- transport (Brown et al, 2008).  PI-103 did not abolish the 

amiloride-insensitive component, thus suggesting that insulin is acting through a 

mechanism independent of PI3K.  However, as this was not investigated, this could not 

be experimentally verified.  Rapamycin-treatment on the other hand had no significant 

effect upon the conductance and this accord well with the previous results that 

mTORC1 is not involved in dexamethasone-induced Na+ transport. 

Conclusions 

These data confirm previous studies, which suggest PI3K is vital to dexamethasone-

induced ENaC activity.  However building on this, the results on this chapter exclude a 

role for TORC1 in the GC-mediated increase in Na+ transport in the H441 cell line.  

These results cannot determine whether TORC2 / SGK1 are part of the pathway 

involved in dexamethasone-induced ENaC activity.  Indeed the finding that PI-103 

inhibits both SGK1 and PKB activity is to be expected as both of these kinases are 
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thought to be dependent upon PI3K.  As PI3K was fully inactivated, the effects of PI-

103 could be a result of PKB or PIP2/3 inhibition.  We therefore designed further 

experiments using novel inhibitors of mTORC1 / 2 and SGK1, Torin1 and GSK650394 

respectively (Thoreen et al, 2009; Sherk et al, 2008; Mansley and Wilson, 2010b) that 

would allow for inhibition of these kinases while leaving PI3K activity unaffected 

therefore addressing the role of both TORC2 and SGK1 in the maintenance of GC-

induced ENaC activity in lung epithelium.  The results of these experiments are 

presented in the next chapter. 
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Chapter 5 – The role of TORC2 and 

SGK1 



 103

Introduction 

The results presented in chapter four support the theory that PI3K is vital to the 

maintenance of Na+ transport, however further investigation is required to determine the 

exact signalling mechanisms that take place.  Recent evidence would suggest that ENaC 

activity is dependent on TORC2 phosphorylation of the hydrophobic motif of SGK1 

(Lu et al, 2010).  This provides a docking site for PDK1 thereby promoting interaction 

of SGK1 with PDK1 causing phosphorylation of the activation loop of SGK1 and 

conferring activity (Biondi et al, 2001).  As discussed in chapter one SGK1 is thought to 

cause phosphorylation of Nedd4-2 which increases the trafficking and expression of 

ENaC in the membrane.  However there are other mechanisms of action that may 

contribute to the hormonal regulation of ENaC activity that are dependent on PI3K such 

as the phosphatidylinositide second messengers (PIP2 and PIP3) and/or PKB (Blazer-

Yost et al, 2004; Pochynyuk et al, 2007; Lee et al, 2007; Diakov et al, 2010).  This, 

taken with the observations that sgk1 gene knockout mice are viable, suggests alternate 

mechanisms are involved in the control of ENaC.  The lack of specific inhibitors of 

TORC2 and SGK1 has in part hindered the investigation into the role these kinases 

play. The development of novel small molecule inhibitors that are specific for mTOR or 

SGK1 may provide an effective way to inactivate these kinases (Thoreen et al, 2009; 

Sherk et al, 2008) without causing inhibition of other closely related kinases involved in 

the proposed signalling pathway. 
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Figure 5.1 Diagram of proposed signalling pathway involved in ENaC regulation.  

Thus if SGK1 is vital to the regulation and maintenance of ENaC then Torin1 and 

GSK650394 would be expected to inhibit the glucocorticoid-evoked amiloride sensitive 

current. 

 

The development of Torin1 would seem to provide an effective way of inhibiting 

TORC2 in the absence of a truly specific TORC2 inhibitor.  Torin1 has been shown to 

be an ATP-competitive TOR inhibitor as its effects are abolished by increasing ATP 

concentration, additionally no significant non-specific effects were found (Thoreen et 

al, 2009).  In order to test the effects of Torin1 on PI3K activity, PKB-Thr308 

phosphorylation was used in this study.  However a problem of this approach arises due 

to TORC2 being responsible for PKB-Ser473 phosphorylation which facilitates 

downstream phosphorylation of the Thr308 site (Andjelkovic et al, 1997).  To overcome 
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this mLST8 knockout cells were used.  mLST8 is vital for the interaction of TORC2 

with its substrates, and the result of this knockout is continual dephosphorylation of the 

Ser473 site (Guertin et al, 2006).  Thus any Thr308 phosphorylation would be due to PI3K 

activity and not a result of Ser473 mediated phosphorylation.  Using this approach 

Thoreen et al, 2009 found that Torin1 only affected PI3K activity when cells were 

exposed to concentrations well above that required to completely inhibit TORC2 (> 1 

μM and > 0.1 μM respectively).  Thus Toirn1 would appear to be specific for mTOR 

inhibition at low concentration and is therefore a useful compound in which to 

investigate mTOR activity.  Nevertheless, rapamycin should be used to exclude the 

possibility that effects of Torin1 are not as a result of TORC1 inhibition.  As the results 

from chapter four demonstrate rapamycin does not affect PI3K, SGK1 or ENaC 

activity, thus any effects of Torin1 arise as a result of TORC2 inhibition.   It should also 

be noted that this study along with another (Feldman et al, 2009) who developed a 

different mTOR inhibitor (PP242) report rapamycin-resistant effects of mTORC1.  

However this requires the development of a cell line where TORC2 activity has been 

abolished (for example by mLST8 deletion).  Furthermore these rapamycin-resistant 

effects are yet to be fully explored and rapamycin is still considered to be the most 

effective means of mTORC1 inhibition. 

 

The lack of a specific inhibitor of SGK1 seems to have been addressed with the 

development of GSK650394.  Sherk et al (2008) have shown that this small-molecule 

inhibitor was able to block the enzyme activity of both SGK1 and SGK2 in scintillation 

proximity assays and this corresponded with the inhibition of an aldosterone induced 

amiloride-sensitive current in mouse cortical collecting duct cells (M-1 cell line).  

Furthermore using an in vitro kinase assay they were able to determine that GSK650394 
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was selective for SGK1 over PKB, PDK1 and other related kinases (Sherk et al, 2008).  

Therefore this compound would appear to offer a method of inactivating SGK1 whilst 

leaving PI3K, PKB and PDK1 unaffected.  Indeed GSK650394 has been used for this 

purpose; to investigate the role of SGK1 in insulin-dependent Na+ transport in a mouse 

derived cortical collecting duct cell line (mpkCCD).  This study found that GSK650394 

did cause some inhibition of PKB as judged by Ser473 phosphorylation (Mansley and 

Wilson, 2010b). However they argued that this slight inhibition was not sufficient to 

compromise PKB activity as it has been shown that this must be reduced by less than 

10% of the basal level in order for downstream targets to be affected (Logie et al, 2007).  

Taking this into account, GSK650394 was found to fully suppress insulin-induced Na+ 

transport, thereby supporting the view that SGK1 is vital to this response.  This also 

demonstrates that the effects of inhibitors can vary even in similar cell lines (i.e. mouse 

cortical collecting duct cells) and therefore specificity should not be taken for granted 

and tested for in order to confirm the action of the inhibitor. 

 

Using the approach outlined previously to investigate the effects of PI-103 and 

rapamycin, we investigated the effects of Torin1 and GSK650394 on endogenous 

protein phosphorylation and the effect on the dexamethasone-induced amiloride 

sensitive current in H441 cells to determine whether SGK1 activity is dependent upon 

TORC2.  Furthermore specific inhibition of SGK1 will allow me to test the hypothesis 

that SGK1 activity is vital to the hormonal control of ENaC activity via glucocorticoids. 
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Results 

The aim of this section is to determine the role of SGK1 in the maintenance of the 

dexamethasone-induced amiloride sensitive current.  This was achieved using the same 

experimental format as previously described in chapter four.  The novel SGK1 inhibitor, 

GSK650394 was used to establish the role of SGK1 and endogenous protein 

phosphorylation was used to examine its effects on TORC2 and PDK1 activity, as well 

as SGK1 activity, in order to confirm a specific action.  Using the TOR inhibitor Torin1 

and the results from rapamycin treatment (see chapter four), we were able to investigate 

the role played by mTORC2, which has been identified as the kinase responsible for 

phosphorylation of the hydrophobic motif of SGK1. 

Effects of Torin1 upon TORC2 and PDK1 

Low concentrations of Torin1 used over a prolonged period of time can cause 

hyperactivation of PI3K which can overcome the inhibitory effects of Torin1.  

Therefore, in order to ensure this was not the case, we tested a range of concentrations 

over the three hour time period.  The secondary aim of this was to test whether or not 

Torin1 inhibited TORC2 and PDK1 activity equally.  Figure 5.2 shows representative 

western blots of the effects of increasing Torin1 concentration (0-100 nM, 3 h) upon 

PKB -Ser473 (A) and –Thr308 (B) phosphorylation.  The combined densometric analysis 

of four such experiments for PKB -Ser473 and -Thr308 is shown in (B) and (D) 

respectively.  These results clearly demonstrate that Torin1 inhibits PKB-Ser473 

phosphorylation more effectively than -Thr308 phosphorylation.  Moreover they confirm 

that Torin1 is not causing hyperactivation of PI3K under these conditions and therefore 

can be used as an effective inhibitor against TOR.  
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Figure 5.2 Effect of Torin1 upon PKB phosphorylation.  Cells were maintained in 

dexamethasone-free medium and then exposed to dexamethasone for ~24 hours with 3 

hours exposure to a range of Torin1 concentrations (0-100 nM) and then subjected to 

western blot analysis to determine phosphorylation status of –Ser473 (A) and –Thr308 (B) 

and total protein abundance of  PKB.  Shown are typical blots representative of 4 such 

experiments.  Densometric analysis of all four experiments is shown for –Ser473 (B) and 

for –Thr308 (D).  Asterixes denote a statistically significant effect of Torin1 (*, p = 0.001 

one-way ANOVA) 
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Does Torin1 inhibit mTORC2 activity? 

Figure 5.3 shows the effects of dexamethasone-treatment and mTOR inhibition on 

SGK1 activity as monitored by NDRG1-Thr346/356/366 phosphorylation, mTORC2 

activity as monitored by PKB-Ser473 and PDK1 activity as monitored byPKB-Thr308 

phosphorylation. 
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Figure 5.3 Effect of Torin1 upon endogenous protein phosphorylation.  Cells were 

maintained in dexamethasone-free medium and then exposed to dexamethasone for ~24 

hours or ~24 hours with 3 hours exposure to Torin1 (0.1μM) and then subjected to 

western blot analysis to determine phosphorylation and total protein abundance of 

NDRG1 and PKB.  Shown are typical blots representative of 4 such experiments (A) 

NDRG1-Thr246/256/366 / Total-NDRG1 (C) PKB-Ser473 / PKB-total (E) PKB-Thr308 / 

PKB-total.  Densometric analysis of 4 such experiments are shown in (B), (D) and (F).  

Asterixes denote a statistically significant effect of Torin1 (*, p < 0.01 one-way 

ANOVA, n = 4) 
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Effects of mTOR inhibition on the properties of H441 cells 

Figure 5.4 shows the Im-Vhold relationship from recordings of H441 cells that had been 

exposed to control conditions (dex: 0.2 μM, 18-36 h) and after 3-4 hours exposure to 

Torin1 (0.1 μM).  Initial recording was made under ECS control solution and then ECS 

+ amiloride (ECS + Amil., 10 μM).  The bathing solutions from Torin1-treated cells 

contained 0.1 μM Torin1.  The Cm for control cells was 39.8 ± 10.1 pF and Cm for 

Torin1-treated cells was 40.5 ± 5.8 pF. 
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Figure 5.4 Dexamethasone and Torin1 treated cells.  (A) Relationship between 

membrane current (Im) and holding potential (Vhold) quantified in dexamethasone-

treated cells (0.2 μM dex, 18-36 h, n = 4) during exposure to ECS and ECS + amiloride 

(10 μM).  (B) Equivalent data from dexamethasone-treated cells that have been exposed 

to 3-4 hours of Torin1 (0.1 μM, n = 4). 
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Effect of Torin1, an inhibitor of TORC1 and 2, upon Vrev and I-82 

Figure 5.5 shows the values of Vrev and the I-82 derived from data in figure 5.3.  

Dexamethasone (0.2 μM, 18-36 h) causes depolarisation and exposure to 10 μM 

amiloride causes a hyperpolarising response.  However exposure to Torin1 (0.1μM, 3-4 

h) abolishes the dexamethasone induced depolarisation and there is no effect of 

amiloride on the value of Vrev.  Torin1 reduces the magnitude of the I-82 and is amiloride 

insensitive, whereas under control conditions there is clear amiloride sensitivity to the I-

82. 
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Figure 5.5 Vrev and I-82 in dex-treated (control) and Torin1-treated cells.  (A) and 

(B) values of Vrev derived by analysis of the data in figure 5.3 A and B (control, n = 4; 

Torin1-treated, n = 4).  (C) and (D) current flowing at -82mV, derived from data in fig. 

5.3 A and B.  Asterixes denote a statistically significant effect of amiloride (*, P < 0.05, 

Student’s paired t-test), cross denotes a statistically significant effect of Torin1 (†, P < 

0.05, one-way ANOVA with Bonferroni post hoc test). 

 



 113

Does GSK650394 inhibit SGK1? 

Figure 5.6 shows the effects of dexamethasone-treatment and the effect of GSK650394 

on SGK1 activity as monitored by NDRG1-Thr346/356/366 phosphorylation, mTORC2 

activity as monitored by PKB-Ser473 and PDK1 activity as monitored byPKB-Thr308 

phosphorylation.  While there was no statistical significance was found with found upon 

the effects of GSK upon NDRG1 phosphorylation it does tend towards significance, and 

furthermore phosphorylation of NDRG1 is clearly abolished when looking at the blots 

e.g. panel A. 
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Figure 5.6 Effect of GSK650394 upon endogenous protein phosphorylation.  Cells 

were maintained in dexamethasone-free medium and then exposed to dexamethasone 

for ~24 hours or ~24 hours with 3 hours exposure to GSK650394 (10μM) and then 

subjected to Western blot analysis to determine phosphorylation and total protein 

abundance of NDRG1 and PKB.  Shown are typical blots representative of 4 such 

experiments (A) NDRG1-Thr246/256/366 / Total-NDRG1 (C) PKB-Ser473 / PKB-total (E) 

PKB-Thr308 / PKB-total.  Densometric analysis of 4 such experiments are shown in (B), 

(D) and (F). 
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Effects of GSK650394 upon PKB activity 

In order to confirm that GSK650394 does not inhibit PKB activity, a kinase closely 

related to SGK1, I looked at the phosphorylation of PRAS40 at residue Thr246 which is 

a known substrate of PKB (Kovacina et al, 2003).  Figure 5.7 shows the effect of 

dexamethasone and GSK650394 treatment upon the phosphorylation status of PRAS40. 

GSK650394does not affect the phosphorylation status of PRAS40, thus confirming that 

GSK650394 does not inhibit PKB activity.  Furthermore dexamethasone treatment has 

no effect upon PRAS40 therefore supporting the observation that dexamethasone does 

not increase PKB activity. 
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Figure 5.7 Effect of GSK650394 upon PRAS40 phosphorylation.  Cells were 

maintained in dexamethasone-free medium and then exposed to dexamethasone for ~24 

hours or ~24 hours with 3 hours exposure to GSK650394 (10μM) and then subjected to 

Western blot analysis to determine phosphorylation and total protein abundance of 

PRAS40 (n = 2). 
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Effects of SGK1 inhibition on the properties of H441 cells 

Figure 5.8 shows the Im-Vhold relationship from recordings of H441 cells that had been 

exposed to control conditions (dex: 0.2 μM, 18-36 h) and after 3-4 hours exposure to 

GSK650394 (10 μM).  Initial recording was made under ECS control solution and then 

ECS + amiloride (ECS + Amil., 10 μM).  The bathing solutions from GSK650394-

treated cells contained 10 μM GSK650394.  The Cm for control cells was 69.7 ± 11.7 pF 

and Cm for GSK650394-treated cells was 35.4 ± 2.9 pF. 
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Figure 5.8 Dexamethasone and GSK650394 treated cells.  (A) Relationship between 

membrane current (Im) and holding potential (Vhold) quantified in dexamethasone-

treated cells (0.2 μM, 18-36 h, n = 4) during exposure to ECS and ECS + amiloride (10 

μM).  (B) Equivalent data from dexamethasone-treated cells that have been exposed to 

3-4 hours of GSK650394 (10 μM, n = 4). 
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Effect of SGK1 inhibition on Vrev and I-82 

Figure 5.9 shows the values of Vrev and the I-82 derived from data in figure 5.8.  

Dexamethasone (0.2 μM, 18-36 h) causes depolarisation and exposure to 10 μM 

amiloride causes a hyperpolarising response.  However exposure to GSK650394 (10 

μM, 3-4 h) abolished the dexamethasone induced depolarisation and there was no effect 

of amiloride on the value of Vrev.  GSK650394 reduces the magnitude of the I-82 and is 

amiloride insensitive, whereas under control conditions there is clear amiloride 

sensitivity to the I-82. 
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Figure 5.9 Vrev and I-82 in dex-treated (control) and GSK650364 treated cells. (A) 

and (B) values of Vrev derived by analysis of the data in figure 5.8 A and B (control, n = 

4; GSK650364, n = 4).  (C) and (D) current flowing at -82mV, derived from data in fig. 

5.8 A and B.  Asterixes denote a statistically significant effect of amiloride (**, P < 

0.01, Student’s paired t-test), cross denotes a statistically significant effect of 

GSK650394 (†, P < 0.01, one-way ANOVA with Bonferroni post hoc test). 
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Effect of TOR and SGK1 inhibition on the amiloride sensitive current 

Figure 5.10 shows further analysis of the data in figure 5.4 and 5.8 to obtain the Iamil for 

control cells and cells treated with Torin1 or GSK650394.  In control cells there is a 

clear Iamil that reverses close to the predicted value for Na+ therefore indicating a high 

degree of Na+ selectivity.   Exposure to Torin 1(0.1 μM, 3-4 h) or GSK650394 (10 μM, 

3-4 h) completely abolishes the Iamil. 
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Figure 5.10 Iamil of Torin1 and GSK650364 treated cells.  (A) Analysis of the 

amiloride sensitive component of the total membrane current for control cells (n = 4) 

and Torin1-treated cells (0.1 μM, n = 4) derived from data in figure 5.4 A and B.  (B) 

Comparable data for control (n = 4) and GSK650394-treated cells (10 μM, n = 4) 

derived from data in figure 5.8 A and B. 
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Effect of Torin1 and GSK650394 on conductance 

To further examine the effects of Torin1 and GSK650394 on the biophysical properties 

of H441 cells the conductance was determine by further analysis of the data obtained 

from that shown in figures 5.4 and 5.8.  Figure 5.10 clearly shows that dexamethasone-

treatment (18-36 h, 0.2 μM) increases the conductance and this is sensitive to 10 μM 

amiloride.  Torin1 and GSK (0.1 μM, 3-4 h; 10 μM, 3-4 h respectively) both completely 

abolished the effect of dexamethasone.  
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Figure 5.11 Effects of Torin1 and GSK650394 upon conductance.  Further analysis 

of the data obtained from figures 5.4 - panel (A) (control, n = 4; Torin1, n = 4) and 5.8 – 

panel (B) (control, n = 4; GSK650394, n = 4).  Asterixes denote a statistically 

significant effect of amiloride (* P < 0.05, Student’s paired t-test), cross denotes a 

statistically significant effect of Torin1 (†, P < 0.01, one-way ANOVA with Bonferroni 

post hoc test). 



 120

Discussion 

Torin1 clearly abolishes TORC2 activity as judged by PKB-Ser473 phosphorylation, and 

this effect is unlikely to be a result of inhibition of TORC1 as rapamycin has no effect 

on TORC2 or PDK1 activity (see chapter four, figure 4.8).  However rapamycin-

resistant effects of TORC1 have been reported (Thoreen et al, 2009) and it cannot be 

ruled out that the results presented in this thesis do not reflect rapamycin-resistant 

functions of TORC1.  Although in order to examine this possibility an H441 cell line, 

where TORC2 activity has been abolished, would need to be developed, and until this is 

accomplished, this possibility cannot be eliminated.  However this effect is yet to be 

fully explored and rapamycin is still considered to be the most effective means of 

mTORC1 inhibition.  At first glance it would appear that Torin1 inhibits PI3K / PDK1 

as reduced PKB-Thr308 phosphorylation was observed.  However this effect is likely to 

be a result of reduced PKB-Ser473 facilitated phosphorylation of PKB-Thr308 

(Andjelkovic et al, 1997).  Furthermore Torin1 has been shown to only inhibit PI3K / 

PDK1 at concentrations above 1 μM (Thoreen et al, 2009).  Thus Torin1 was predicted 

to cause some inhibition of PKB-Thr308 phosphorylation and the results from the dose 

response (see figure 5.3) support this as there is little effect on PKB-Thr308 

phosphorylation despite reduced PKB-Ser473 phosphorylation.  The observation that 

Torin1 caused a reduction of SGK1 activity as indicated by reduced NDRG1-

Thr246/256/366 phosphorylation, is consistent with reports that SGK1 activity is dependent 

on mTORC2 mediated phosphorylation of the hydrophobic motif of SGK1 and 

therefore supports the view that mTORC2 is involved in SGK1 activation not only in 

renal epithelia (Garcia-Martinez and Alessi, 2008; Lu et al, 2010) but also in pulmonary 

epithelia.  As exposure to Torin1 abolished the dexamethasone-induced Iamil it would 

seem likely that mTORC2 dependent SGK1 activity is vital to the maintenance of 
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glucocorticoid-induced ENaC activity and further supports the view that SGK1 activity 

is critical to this in pulmonary epithelia. 

 

In order to determine whether SGK1 is crucial to glucocorticoid-induced ENaC activity, 

we used the novel inhibitor GSK650394.  The results clearly demonstrate that 

GSK650394 abolished SGK1 activity without affecting TORC2 or PDK1 activity; 

furthermore it would appear not to inhibit PKB activity as judged by PRAS40-Thr246 

phosphorylation.  As both TORC2 and PDK1 are involved in the activation of PKB and 

SGK1, these results demonstrate that GSK650394 acts via a direct mechanism to cause 

specific inhibition of SGK1 and confirms the results reported by Sherk et al, 2008.  No 

evidence of PKB inhibition was observed (see figures 5.6 and 5.7), which differs from 

that reported in Mansley and Wilson (2010b); however this could be a result of species 

specific variation as those observations were from a mouse cell line (mpkCCD).  

Electrophysiological data from GSK650394 treated cells clearly show that SGK1 

inhibition abolishes the dexamethasone-induced Iamil therefore SGK1 must be an 

essential component of the pathway that allows glucocorticoids to maintain ENaC 

activity.  By specifically inhibiting SGK1, other parts of the PI3K pathway remain 

unaffected and this is significant as PKB has been reported to be involved in the control 

of ENaC activity (Lee et al, 2007; Diakov et al, 2010), as have the 

phosphatidylinositide second messengers; PIP2 and PIP3 (Blazer-Yost et al, 2004; 

Pochynyuk et al, 2007).  As PKB-Thr308 phosphorylation is evident in GSK650394-

treated cells, PIP2 / PIP3 must be active as PDK1 is dependent upon these second 

messengers.   While these results do not exclude the possibility that PKB or PIP2 / PIP3 

can modulate ENaC activity, they clearly demonstrate that they cannot be responsible 

for SGK1 independent maintenance of ENaC activity.  Both Torin1 and GSK650394 
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abolished the dexamethasone-evoked conductance and this data clearly confirms that 

TORC2 and SGK1 are vital to the maintenance of dexamethasone-induced ENaC 

activity. 

While the Iamil was clearly abolished in GSK650394-treated cells, the values of Vrev are 

different from that of the control cells and, in fact, are close to the predicted reversal 

potential for Cl- (-42 mV).  Insulin which has been shown to induce a Cl- conductance 

in single-dexamethasone treated cells (Brown et al, 2008) is present in the culture media 

of these experiments.  It would seem likely that groups of H441 cells  do have a Cl- 

conductance as in dexamethasone free treatments and, upon application of amiloride, 

the Vrev is ~ 60 mV, a value between that of the predicted reversal potential for K+ and 

Cl- (-82 mV and -42 mV respectively).  Thus it is possible that GSK650394 inhibits K+ 

conductance as well as abolishing ENaC activity and as a result, Cl- movement is the 

predominant ion flux.  This effect of GSK650394 is unlikely to be related to SGK1 

inhibition as it is not observed with Torin1 / PI-103, both of which inhibit SGK1 

activity comparably with GSK650394.  This effect has not been described previously 

and may represent as yet undiscovered non-specific effects of GSK650394 on kinases 

involved in the regulation of K+ channels. 
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Figure 5.12  Diagram showing effect of SGK1 inhibition.  SGK1 inhibition resulted in the abolition of 

glucocorticoid-induced ENaC activity and abolished the phosphorylation of NDRG1 without affecting the 

phosphorylation of PKB.  Thus indicated that SGK1 was specifically inhibited and that SGK1 is required 

for the maintanence of glucocorticoid-induced ENaC activity. 

 

Conclusions 

This data clearly demonstrates that Torin1 and GSK650394 are specific inhibitors of 

their respective targets, for the first time in H441 cells and, as such, confirm reports 

(Garcia-Martinez and Alessi, 2008; Lu et al, 2010) that TORC2 is required for 

conferring catalytic activity to SGK1.  This demonstrates that both TORC2 and SGK1 

are vital components of the dexamethasone-induced ENaC signalling pathway in a 

human derived pulmonary epithelium which has previously only been speculated.  

These results also demonstrate for the first time that PBK and / or PIP2/3 cannot account 
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for the maintenance of ENaC activity in the absence of SGK1 activity.  The results of 

this chapter and the previous results chapters will be discussed further in the general 

discussion. 
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Chapter 6 – General Discussion 
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Introduction 

Since the initial observations by Aherne and Dawkins (1964) on rabbit lung wet weight, 

it has been assumed that the fluid secreted during gestation and development of the lung 

is absorbed at birth in order for efficient gas exchange to take place.  The trigger for this 

switch is thought to be a result of increased levels of circulating adrenaline, thyroid 

hormone and GC before birth (Lagercrantz and Bistoletti, 1977; Baines et al, 2000) and 

that Na+ absorption was the likely candidate driving fluid absorption (Olver et al, 1986).  

However it was not until 1993 that the ion channel responsible for this was identified as 

ENaC (Canessa et al, 1993) which required expression of three ENaC subunits, α-, - 

and γ-ENaC, in order for selective Na+ transport to take place (Canessa et al 1994).  The 

observations that GCs can cause an increase in α-ENaC transcription (Sayegh et al, 

1999; Otulakowski et al, 1999) led to further investigation into the molecular 

mechanisms that underlie GC-mediatated Na+ transport.  SGK1 appeared to be 

important as it was shown to have PY motifs that were able to interact with Nedd4-2 

(Bhalla et al, 2005; Ichimura et al, 2005).  This taken with the observation that Nedd4-2 

was able to interact with all three ENaC subunits and target them for degradation (Staub 

1996; Snyder et al, 2002) led to the theory that SGK1 was the major kinase responsible 

for GC-mediated Na+ transport.  However the development of sgk1 gene knockout mice 

that did not display any lung problems associated with improper fluid clearance 

seriously questions the role that SGK1 plays.  Thus the role of SGK1 is not fully 

understood in the induction and maintenance of GC-induced Na+ transport in the lung.  

However the results of this thesis would suggest that SGK1 is in fact critical to the 

maintenance of GC-induced ENaC activity.   
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The results in this thesis further confirm that glucocorticoids activate a Na+ current in 

H441 cells that is essentially identical to that associated with the expression of α-ENaC, 

- ENaC and γ- ENaC co-expression (Canessa et al, 1993).  Despite this, the molecular 

mechanisms that underlie this control are poorly understood, even though GCs are used 

clinically to treat lung problems such as oedema and IRDS.  Therefore we designed 

experiments to investigate the effects of kinase inhibitors upon the GC-induced Na+ 

currents in order to examine the mechanisms underlying this control.  In order to verify 

that full inhibition was achieved and that other closely related kinases were not 

inhibited, we used Western blot analysis to monitor the phosphorylation status of 

physiological substrates.  However it is important to consider the limitations of this 

work. 

The H441 Cell model 

It is important to remember that a model by definition does not represent in vivo 

mechanisms.  For example H441 cells are derived from a lung adenocarcinoma (Gazdar 

et al, 1990) and therefore a transformed cell line.  Furthermore H441 cells also display 

characteristics that are similar to that of Clara cells (Gazdar et al, 1990), which are not 

thought to be important to fluid clearance or airway hydration.  Furthermore the fact 

that GCs cause Na+ transport in H441 cells does not fit with the theory that GC only 

prepare the foetal lung for fluid clearance and that adrenaline acts as the “switch” to 

initiate the change to a Na+ absorbing phenotype (Barker et al, 1988; Collett et al, 

2002).  Indeed it is likely that thyroid hormone, as well as GCs, is required in order to 

prepare the developing lung for fluid clearance at birth (Collett et al, 2002).  However 

despite this, it is clear from a number of studies, and the work in this thesis that GCs do 

induce an ENaC like, amiloride-sensitive Na+ current in H441 cells (see chapter 3).  

Therefore while not ideal these cells do provide a model by which to investigate GC-
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induced ENaC activation in human derived cells.  However it is also important to 

further develop this work, for example, in a human derived primary cell culture, due to 

these limitation of the H441 cell model.   

Cell-cell contact determines electrophysiological properties of H441 

cells 

It has been suggested that cell coupling is a determining factor in the ability of H441 

cells to express ENaC activity in response to glucocorticoid stimulation (Brown et al, 

2008).  This observation is supported by the finding that dome formation in confluent 

H441 cells display ENaC activity but that the surrounding cells do not (shlyonsky et al, 

2005).  However the results presented in this thesis would suggest that it is cell contact 

and not the electrical coupling that is important to the development of amiloride 

sensitivity in H441 cells.  The degree of cell-cell coupling was associated with 

amiloride sensitivity in glucocorticoid-treated cells in a previous study (Brown et al, 

2008).  However this was not found to be the case in this thesis the results presented 

here as amiloride sensitivity was seen in “groups” of cells with a Cm of 20 pF, 

suggesting that the cells were not electrically coupled, which is much lower than the 

reported average of 75 pF reported by Brown et al (2008).  However Gallacher et al 

(2009) reported amiloride sensitivity from groups of H441 cells that were not 

electrically coupled, Cm of 22 pF.  As a result this led to the conclusion that cell-cell 

contact and not necessarily cell coupling was the important determining fact in the 

ability of H441 cells to express ENaC activity which could be examined future 

experiments by introducing a dye into the pipette solution. 
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Na+ / K+ ATPase 

It could be argued that the increase in Na+ transport could be driven by increased 

activity of the Na+ / K+-ATPase, however this is unlikely in the case of H441 cells.  Na+ 

/ K+-ATPase activity was inhibited using ouabain and dexamethasone-treatment had no 

significant effects on this compared to apically permeabilized cells (i.e. cells with apical 

Na+ transport).  However dexamethasone has been reported to increase Na+ / K+-

ATPase in epithelial cells isolated from rat lung (Barquin et al, 1997; Dagenais et al, 

2001), although this difference was suggested to be due to species differences as H441 

cells are human derived.  It would therefore seem likely that dexamethasone would have 

no effect upon Na+ / K+-ATPase in the cells used in this thesis due to the similarity in 

cell culture. 

Aldosterone 

The role of aldosterone was not explored in this thesis, however it is important to note 

that there is a degree of overlap between the mechanisms involved in aldosterone 

mediated ENaC regulation in the kidney and how GCs are thought to control ENaC in 

the lung.  Aldosterone binds to the mineralocorticoid receptor and upregulates the gene 

encoding for SGK1 (Chen et al, 1999; Robert-Nicoud et al, 2001), and has been 

proposed to mediate effects upon Na+ transport by inducing expression of SGK1, which 

then phosphorylates and inhibits Nedd4-2 (Flores et al, 2005), which is the same 

mechanism proposed for GC regulation of ENaC in pulmonary epithelium.  As GC can 

bind to the mineralocorticoid receptor, and this receptor is known to be expressed in the 

lung (Keller-Wood et al, 2005) an alternative interpretation of the results in this thesis 

could be that dexamethasone is binding to the mineralocorticoid receptor to bring about 

the increase in Na+ transport.  As GSK650394 abolished SGK1 activity and the 
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maintenance of the dexamethasone induced Na+ transport it is likely that if 

dexamethasone was acting via mineralocorticoid receptor activation instead of 

glucocorticoid activation, it is clear that SGK1 is required for the hormonal activation 

and maintenance of Na+ transport in H441 cells.  Whether dexamethasone is acting via 

the glucocorticoid or mineralocorticoid receptor could be could be investigated by the 

use of mineralocorticoid receptor antagonists such as eplerenone, which would 

determine whether dexamethasone is indeed acting via the glucocorticoid receptor.  

Furthermore as mentioned in the introduction aldosterone may be able to compensate 

for a lack of SGK1 via its ability to upregulate GILZ.  The possible role of this will be 

discussed later in this chapter. 

Insulin 

The role of insulin was not addressed by the experiments in this thesis and dialysed 

medium was supplemented with this hormone in order to aid growth in this media.  The 

major ionic flux in hormone deprived H441 cells is reported to be K+ as the membrane 

potential of these cells is ~-80 mV (Brown et al, 2008), however GC-deprived cells in 

this thesis typically had a membrane potential of ~60 mV, therefore it is likely another 

ion flux aside from K+ is contributing to this.  The likely candidate for this is an increase 

in Cl- transport as mentioned and described in chapter three.  It would seem highly 

likely then that there is an insulin-induced Cl- current in the cells used in this thesis.  

This would help explain the amiloride insensitive conductance seen in dexamethasone-

treated cells and would also explain why GSK653094-treated cells display a Vrev of ~-

40 mV which is almost identical to that of ECl (-42 mV) under these conditions.  

However, if this was the case, then it might be expected that PI-103-treatment would 

have abolished amiloride-insensitive and -sensitive conductance.  Therefore this is a 

PI3K independent conductance although, as the nature of this was not investigated, it 
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cannot be confirmed if this represents a Cl- conductance.  Indeed there are other 

possibilities as to the nature of this conductance such as cyclic nucleotide gated 

channels or acid sensing ion channels.  There is some evidence for a role of cyclic 

nucleotide gated channels as pimozide, which has been used to block cyclic nucleotide 

gated channels (Johnson et al, 2006), has been shown to reduce the non-selective cation 

conductance in single H441 cells (Brown et al, 2008) although Albert et al (2008) found 

that pimozide and a cyclic nucleotide gated channel activator (8-bromo-cGMP) had no 

effect on non-selective conductances in H441 cells.  Therefore further investigation 

would need to be carried out in order to ascertain the true nature of the amiloride-

insensitive conductance. 

Despite these limitations, the fact that H441 cells do not display an endogenous basal 

Na+ current and that this can be activated by GC-treatment, confirms that they provide a 

model system in which to investigate the molecular mechanisms underlying GC-

mediated Na+ transport.  Investigation into the mechanisms that underlie this control 

will provide a basis in order to direct future work in either animal models or primary 

cultures of human lung epithelium. 

PI3K is essential to glucocorticoid-induced ENaC activity 

The results of this thesis also clearly demonstrate that the action of PIP2/3 upon channel 

gating properties such as those reported by Pochynyuk et al (2007), cannot account for 

GC-induced ENaC activity (see chapter five).  Furthermore PIP3 mediated ENaC 

insertion into the apical membrane can also not account for the action of GCs.  Blazer-

Yost et al (2004) used real-time confocal fluorescence microscopy with a biosensor for 

PIP3 that allowed visualisation of the generation and movement of PIP3 following 

basolateral insulin stimulation (PIP3 biosensor was general receptor for 3-

phosphoinositides (GRP1) which had been fused to GFP which had been used 
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previously to visualise PIP3 distribution (Oatey et al, 1999; Yang et al, 2000).  Using 

this method they came up with an alternative pathway that would allow for ENaC 

insertion into the membrane.  This model predicted that PIP3 was very rapidly generated 

in the lateral membrane and crossed the tight junctions to the apical membrane resulting 

in changes to lipid composition of the membrane which may favour channel insertion.  

However this response is very rapid (Na+ transport plateaus after ~10 minutes) and, as 

the response to GCs is not active after three hours, it would seem unlikely that this 

action of PIP3 could account for GC-induced ENaC activity seen in H441 cells.  On the 

other hand they cannot exclude a role for PIP2/3, although they do demonstrate that GC-

induced ENaC activity cannot be maintained by these second messengers independently 

of SGK1. 

While the experiments in this thesis confirm that the activation of GC-induced ENaC 

activity involves the PI3K – TORC2 – SGK1 pathway, they also demonstrate the 

importance of PI3K.  While SGK1 may appear to be a vital component downstream of 

PI3K in maintaining ENaC activity, the fact that PI-103 abolished this effect 

demonstrates that, while PI3K activity is not increased via GC-stimulation, without its 

activity, the response to GC cannot be maintained. Thus PI3K exerts overall control 

over GC-induced ENaC activity even though its activity is not affected by GCs.  Thus 

PI3K has a permissive role in the GC-induced activation of ENaC.  This may represent 

a level of control that helps protect against hyperactivation of ENaC, whereby further 

increases in ENaC activity may be possible with additional stimulation of PI3K.  This 

would help prevent hyperactivation of ENaC as the level of ENaC activity induced by 

GC is limited by PI3K. 
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TORC1 does not play a role in glucocorticoid-induced ENaC activity 

The results of this thesis are in agreement with earlier reports that suggest PI3K is 

critical to the GC-dependent control of ENaC and also provide evidence against a role 

for TORC1, but support a role for TORC2, in the underlying mechanism which accords 

with recently published studies (Garcia-Martinez and Alessi, 2008; Lu et al, 2010).  

However there is evidence for the involvement of TORC1 in SGK1 activation (Hong et 

al, 2008).  Hong and colleagues report that TORC1 is responsible for hydrophobic motif 

phosphorylation of SGK1, as rapamycin inhibited phosphorylation of SGK1 at the 

Ser422 site.  Garcia-Martinez and Alessi were unable to replicate this and found no 

evidence of SGK1-Ser422 inhibition by rapamycin, although was found to inhibit S6K1 

and / or S6K2, both TORC1 substrates (Terada et al, 1992; Lee-Fruman et al, 1999).  

Furthermore previous studies have not reported SGK1 inactivation with the use of 

rapamycin (Kobayashi and Cohen, 1999; Park et al, 1999).  As a result of this they 

suggested that the differences observed from Hong et al, 2008 arose because of 

confusion between non-specific binding of the SGK1 antibody to S6K.  Interestingly, 

further evidence against a role for TORC1 in the activation of SGK1 comes from a 

study that identified a role for TORC1 in GC-induced Na+ transport in the mpkCCD cell 

line (Mansley and Wilson, 2010a).  In support of Garcia-Martinez and Alessi (2008) 

this study found that rapamycin had no effect upon the activity of SGK1 as monitored 

by NDRG1 phosphorylation; nevertheless they also found that it caused inhibition of 

GC-induced Na+ transport.  Thus, it would appear that TORC1 is not involved in the 

activation of SGK1, although it may play a role in regulating GC-induced Na+ transport.  

To further complicate matters another study using the same cell line as Mansley and 

Wilson found that rapamycin did not inhibit hormone sensitive currents (Lu et al, 2010).  

This disparity could be a result of high concentrations of aldosterone in combination 
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with insulin being used which may lead to the specific effect of rapamycin not being 

detected (Mansley and Wilson, 2010a).  Otulakowski et al, (2007) have shown in rat 

FDLE cells that rapamycin treatment reduces the amiloride sensitive current.  While this 

would appear to be evidence of TORC1 mediated control of ENaC it may actually 

represent TORC2 inhibition.  The FDLE cells used to investigate the bioelectric 

properties were incubated with 3nM rapamycin for 48 hours before the experiment was 

carried out.  It is therefore important that prolonged exposure to rapamycin has been 

reported to cause TORC2 inhibition by preventing the formation of the TORC2 

complex (Sarbassov et al, 2006) and therefore this experiment may in fact represent 

inhibition of both TORC1 and 2.  It would be possible to test this possibility by utilising 

the approach I used in this thesis to assay for TORC2 activity.  It would appear that the 

role of TORC1 in the regulation of Na+ transport is still not fully understood and 

differences in its involvement may exist between the kidney and the lung; however, 

despite this, it is clear that in the H441 cell line, TORC1 does not play a role in GC-

induced ENaC activity.  

TORC2 is vital for SGK1 activation and glucocorticoid-induced ENaC 

activity 

In contrast to TORC1, TORC2 seems to play a prominent role in the activation of 

SGK1.  This enzyme requires phosphorylation of its hydrophobic motif and its 

activation loop at Ser422 and Thr256 for full activation.  The identity of the kinase 

responsible for activation loop phosphorylation was identified as PDK1.  This was 

shown to increase the phosphorylation of SGK1 and was enhanced by an SGK1 

phospho-mimic of the hydrophobic motif (S422D) which resulted in increased SGK1 

activity (Kobayashi and Cohen, 1999).  This was further supported by the observation 
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that SGK1 activity and Thr256 phosphorylation was reduced by an expression of an 

inactive PDK1 mutant (Biondi et al, 2001).  However these studies were not able to 

identify the kinase responsible for hydrophobic motif phosphorylation and it was not 

until the development of TORC2 subunit knockouts that TORC2 was identified as the 

kinase responsible (Garcia-Martinez and Alessi, 2008).  Although this suggested that 

TORC2 may be involved in the control of Na+ transport, this study did not investigate 

the ENaC conductance.  The first evidence directly linking TORC2 with a role in Na+ 

transport was Lu et al, 2010.  They found that in mpkCCD cells PP242, an ATP-

competitive inhibitor of both TORC1 and 2 resulted in reduced SGK1 phosphorylation 

and crucially this was not mimicked by rapamycin.  PP424 also blocked the hormone-

induced current whereas rapamycin did not.  Furthermore inhibition of rictor by 

shRNA, a critical TORC2 component, also inhibited the hormone-stimulated current.  

These results taken together therefore provided the first evidence that TORC2 

dependent SGK1 activity is crucial to Na+ transport (Lu et al, 2010).  It is important to 

note that in the mpkCCD cell line GC-mediated increases in Na+ transport have been 

observed to be inhibited by rapamycin and is therefore dependent on TORC1 activity 

(Mansley and Wilson, 2010a).  This appears to reflect differences in the mechanism of 

control between hormones and indicates that GC-induced Na+ transport is not dependent 

on SGK1 activity.  While this may be the case in the mpkCCD cell line, or for that 

matter, the kidney, it is clearly not the case in the H441 cell line as GC-induced ENaC 

activity was abolished by TORC1/2 inhibition but not abolished by TORC1 inhibition.  

Thus it is clear that GC-induced ENaC activity is dependent upon TORC2 in lung 

derived epithelia.  This may represent specific differences in the mechanisms 

controlling Na+ transport in different cell lines and, while investigation into the 

processes that control Na+ transport in other tissues may provide valuable insight, it is 
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important that detailed investigation is carried out in lung derived cell lines or tissue in 

order to enhance understanding of the molecular mechanisms involved in hormonal 

control of ENaC in the lung. 

SGK1 is essential to maintain glucocorticoid-induced ENaC activity 

While it seems clear that SGK1 activity is dependent upon hydrophobic motif 

phosphorylation by TORC2, and that inhibition of TORC2 results in reduced ENaC 

activity, it could be argued that this does not represent evidence of SGK1 mediated 

ENaC activity.  Indeed as the results of Lu et al (2010) and Mansley and Wilson 

(2010a) do not provide evidence of independent SGK1 inhibition, the results may be 

interpreted as suggesting that TORC2 is the major regulatory kinase and that, while 

SGK1 activity may be dependent on TORC2, SGK1 plays no role in the regulation of 

ENaC activity.  This alternative interpretation may explain why in sgk1 knockout mice 

there is no overt lung phenotype (Wulff et al, 2002; Rexhepaj et al, 2006) as it could be 

that TORC2 acts independently of SGK1 to regulate ENaC activity.  In order to address 

this discrepancy we made use of a novel SGK1 inhibitor that does not inhibit other 

closely related kinases such as mTOR or PKB (Sherk et al, 2008; Mansley and Wilson, 

2010b) and see chapter five.  As SGK1 activity was abolished along with the GC-

induced current this, for the first time using pharmacological inhibition in an epithelial 

cell line derived from lung epithelium, proves that GC-induced ENaC activity is strictly 

dependent upon SGK1.   The significance of this finding is two fold as it also rules out 

the possibility that other factors are responsible for the maintenance of ENaC activity 

following GC-stimulation.  For example in the α-ENaC subunit there is a consensus 

motif for SGK1 and its mutation at Ser-621 prevents the increase in ENaC activity that is 

induced by recombinant constitutively active SGK1 (Diakov and Korbmacher, 2004).  

This consensus motif has also been shown to be involved in PKB mediated ENaC 
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stimulation as constitutively active PKB was shown to increase amiloride-sensitive 

currents in Xenopus laevis oocytes expressing α,  and γ-ENaC (Diakov et al, 2010).  

As these studies were carried out using the outside-out patch technique it is unlikely that 

the effect of SGK1 and PKB could be the result of increased channel trafficking.  

Furthermore okadaic acid, a non-specific phosphatase inhibitor mimicked the effects of 

SGK1 and PKB which was abolished by mutation of Ser621 (Diakov and Korbmacher, 

2004; Diakov et al, 2010).  Thus it would appear that both SGK1 and PKB can cause 

increases in ENaC activity, possibly through phosphorylation of the α-ENaC subunit at 

Ser621. In Fisher rat thyroid cells siRNA directed against PKB and SGK1 was found to 

decrease ENaC activity and that both kinases were required to maintain ENaC activity 

(Lee et al, 2007).  Despite this, they suggest that the reason for the requirement of both 

kinases could be to provide a safeguard in the event one kinase becomes ineffective.  

Given these findings it would seem that this may represent a possible alternative 

mechanism for activating ENaC that is independent of SGK1 and could explain why 

sgk1 knockout does not result in lethality.  However the results of this thesis clearly 

show that SGK1 inhibition abolishes ENaC activity while PKB activity is unaffected, 

therefore it would seem unlikely that PKB mediated ENaC activity could account for 

the lack of lethality in sgk1 knockout mice.  This does not exclude a role for PKB in the 

modulation of ENaC activity, for example it may be involved in acute regulation via 

channel phosphorylation, but it does show that PKB itself cannot maintain ENaC 

activity independent of SGK1 in H441 cells.  Furthermore the results of this thesis 

cannot determine the exact mechanism by which SGK1 acts and further investigation 

would be required to discover if SGK1 was acting via an effect on channel gating or by 

increasing ENaC trafficking and insertion into the membrane. 
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Alternative pathways 

GCs appear to activate ENaC through a type of biological “switch” mechanism whereby 

they cause an initial increase in SGK1 activity which subsequently reduces over time 

back to the level of activity seen in un-stimulated cells; however continued ENaC 

activity is reliant on basal SGK1 activity, as inhibition of SGK1 abolishes ENaC 

activity.  This situation is different from that reported in kidney cells, as GC-induced 

Na+ transport is reported to require TORC1 activity (Mansley and Wilson, 2010a) 

which is clearly not the case for H441 cells.  Furthermore inhibition of PI3K and SGK1 

does not abolish basal Na+ transport although, it does prevent increased Na+ transport 

that is induced by insulin, therefore PI3K and SGK1 are not required to maintain basal 

Na+ transport but are required for insulin-dependent increase in Na+ transport in the 

kidney (Mansley and Wilson, 2010b).  As stated earlier this may be a result of tissue 

specific differences and while these findings may help explain why sgk1 gene deletion 

does not have a significant effect upon renal Na+ handling in animals fed a normal diet 

(Wulff et al, 2002), the opposite is true for the lungs as, from the results in this thesis, it 

would be expected that sgk1 gene deletion would be fatal as it would result in the 

inability of animals to clear the lungs of fluid at birth.  However this is clearly not the 

case in mice lacking the sgk1 gene (Wulff et al, 2002; Grahammer et al, 2006; Rexhepaj 

et al, 2006; Fejes-Toth et al, 2008) and part of the explanation may represent a 

limitation of the H441 cell line as an appropriate model or represent species specific 

differences.  However an alternative explanation may lie with another GC regulated 

protein kinase.  Indeed there is evidence to support an alternative mechanism that would 

enable GCs control over ENaC without the involvement of the PI3K – TORC2 – SGK1 

pathway, this will be discussed in the next section.  It would seem likely that an event 
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such as fluid clearance which is critical to survival would not be reliant upon the 

activity of just one kinase in order to take place. 

Possible role of GILZ 

Soundararajan et al, (2005) used western blot and electrophysiological analysis to show 

that aldosterone treatment resulted in decreased ERK phosphorylation which was 

paralleled by an increase in amiloride-sensitive Na+ transport.  This effect was 

mimicked by GILZ expression and the mitogen-activated protein kinase inhibitor 

U0126, thus suggesting that the effect of GILZ was due to ERK inhibition 

(Soundararajan et al, 2005).  Building on these observations, Soundararajan and 

colleagues proposed the idea of an ENaC regulatory complex which would contain 

Nedd4-2 and Raf-1 and would be able to interact with ENaC, resulting in ubiquitination 

and degradation.  They were able to show, using co-IP experiments, that there was an 

interaction between Nedd4-2 and Raf-1 with ENaC and with each other.  Furthermore 

GILZ and SGK1 were shown to interact with Nedd4-2 and Raf-1 and that GILZ 

expression enhanced SGK1 interaction with Nedd4-2 and Raf-1.  Expression of GILZ 

and / or SGK1 also resulted in increased surface expression of ENaC (Soundararajan et 

al, 2009).  This provides compelling evidence that in the kidney there is a mechanism 

that could regulate ENaC activity / expression independently of SGK1 via GCs.  While 

GILZ and SGK1 appeared to have a synergistic action the possibility that GILZ could 

compensate for SGK1 cannot be ruled out and may provide an answer as to why sgk1 

gene deletion does not result in failure to clear the lungs of fluid in sgk1 knockout mice.  

However this work was carried out in kidney cell lines and there is little investigation 

into the effects of GILZ on Na+ transport in lung epithelium, however some preliminary 

evidence has shown that GILZ1 transfection in H441 cells can mimic the effect of 

dexamethasone-stimulation on the electrophysiological properties of H441 cells 
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(unpublished observation, Michael Gallacher).  However due to the nature of the 

transfection procedure this could only be observed in single H441 cells and, as the 

evidence in this thesis as well as numerous studies have confirmed, there are differences 

in the way that single H441 cells respond when compared to groups / confluent 

monolayers (Clunes et al, 2004; Ramminger et al, 2004; Brown et al, 2008; Gallacher et 

al, 2009).  Nevertheless this still provides compelling evidence that GILZ may be able 

to compensate for sgk1 gene deletion in human pulmonary epithelium and warrants 

further investigation.  Aldosterone release may be able to compensate for the lack of 

SGK1 as it can also upregulate the genes encoding for GILZ (Robert-Nicoud et al, 

2001), and this would seem likely as there is increased levels of aldosterone in sgk1 

gene knockout mice (Wulff et al, 2002). 

If GILZ can compensate for a lack of SGK1 then the question, why does inhibition of 

SGK1 abolish ENaC activity, is pertinent.  It could be that the compensatory role only 

takes effect under exceptional circumstances, such as that of gene knockout, while 

under “normal” conditions GILZ plays a supporting role whereby it acts to enhance the 

activity of SGK1.  The observation that GILZ was able to enhance SGK1 interaction 

with Nedd4-2 may support this.  Furthermore transfection of higher levels of SGK1 was 

required to bring about a similar effect on ENaC surface expression than when SGK1 

and GILZ were co-transfected (Soundararajan et al, 2009).  Electrophysiological and 

Western blot analysis from cells in which the sgk1 gene has been knocked out, may 

shed light on this and an increase in GILZ expression over control cells would likely be 

observed if this mechanism was compensating for a lack of SGK1.  As Nedd4-2 is the 

likely convergence point of both GILZ and SGK1 then it might be expected that Nedd4-

2 knockout would result in rapid or even premature fluid clearance.  In agreement with 

this, a recent study using Nedd4-2 knockout mice has shown that these mice are not 
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viable and that very few manage to survive even a few days after birth.  The chief cause 

of death is respiratory distress.  However, unlike α-ENaC knockout mice and consistent 

with a role for Nedd4-2 in ENaC ubiquitination and degradation, this is due to 

premature fluid clearance rather than a failure to clear fluid which results in lung 

collapse (Boase et al, 2011).  Furthermore mice that survived after birth developed fatal 

inflammation of the lung which can be associated with the over-expression of ENaC 

(Mall et al, 2004).  Interestingly, another group who developed an independent Nedd4-2 

knockout mouse known as the Yang mouse, found that there was no lung phenotype 

(Shi et al, 2008).  However, this was argued to be the result of a mixed genetic 

background and hypomorphic nature leading to a milder phenotype, as Boase et al, 

2011 found Ned4-2 mRNA and protein bands when they analysed the Yang mice.  

While this study did not look at SGK1 activity, its results would seem to fit well with 

the findings in this thesis, as they indicate that the major regulatory force controlling 

ENaC activity in lung epithelium involves the SGK1/Nedd4-2 pathway. 

The model most often used to explain the role of SGK1 in the hormonal control of 

ENaC is based upon these theories:  

 That GC-induced Na+ transport is dependent upon SGK1 activity. 

 That the magnitude of the Na+ current correlates with SGK1 activity.  

 That the increase in Na+ transport is the result of increased ENaC trafficking and 

insertion into the apical membrane. 

The results presented within this thesis confirm that GC-induced Na+ transport is 

dependent upon SGK1 activity.  However, this does not correlate with sustained activity 

of SGK1, and the effects of GCs on SGK1 activity appear to be transient.  As with PI3K 

and TORC2, the role of SGK1 would appear to be permissive.  The increase in SGK1 

activity is likely to reflect an increase in protein synthesis which has been demonstrated 
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in renal epithelia (Gonzalez-Rodriguez et al, 2006), and it could be that the initial 

increase in SGK1 activity is required to “switch on” ENaC activity; however continued 

maintenance of this may be reliant upon continued SGK1 synthesis, at basal levels, 

which requires activity of PI3K – TORC2 to confer catalytic activity of the newly 

synthesised protein.  As SGK1is reported to have a short half-life (Arteaga et al, 2006) 

continued synthesis could be required in order to maintain ENaC activity.  The third 

predication that SGK1 results in increased trafficking and membrane insertion of ENaC 

cannot be verified by the techniques used, as, although it may seem logical to suggest 

that increased ENaC activity is a result of increased surface expression, the results 

obtained here could also represent a change in gating kinetics and / or activation of 

silent ENaC already present in the membrane, therefore allowing for increased current 

density without affecting the number of channels.  In order to further understand the 

role that SGK1 plays it would be reasonable that future experiments were carried out 

that were designed to investigate surface expression of ENaC in response to GC-

stimulation. 

Do glucocorticoids affect surface expression of ENaC? 

A number of studies have employed different techniques such as immunocytochemistry 

and surface biotinyalation (for examples see: Debonneville et al, 2001; Soundaraajan et 

al, 2005; Frindt et al, 2008) in order in investigate surface expression of ENaC.  

However, problems exist with all these methods, for example immunocytochemistry, 

while useful, is unable to provide sufficient resolution, whereby pools of ENaC near the 

membrane surface cannot be differentiated between ENaC that has been inserted into 

the membrane.  Surface biotinyalation assays would appear to be a very effective way to 

investigate the surface expression of ENaC and have been used to show aldosterone 

induced increases in ENaC in the apical membrane of the amphibian renal cell line A6 
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(Alvarez de la Rosa et al, 2002) and increases in ENaC density in whole rat kidney in 

response to aldosterone (Frindt et al, 2008).  This method relies on the use of antibodies 

in order to detect ENaC protein and there is a lack of efficient antibodies available 

which has hindered progress in this area.  ENaC antibodies often detect multiple bands 

and this is likely because of proteolytic cleavage of channel subunits.  Protease and 

protease inhibitors can modify Na+ transport (Myerburg et al, 2006; Planes et al, 2009; 

Lazrak et al, 2009) and it is likely that post translational processing of the α- and γ- 

subunits but not the - subunit are required for maximal activation of the channel 

(Hughey et al, 2004; Myerburg et al, 2006; Passero et al, 2008; Diakov et al, 2008).  

However it is poorly understood how the cleaved products of ENaC subunits relate to 

ENaC activity and it has even been suggested that proteolytically cleaved forms of 

ENaC may not be detectable by current methods (Myerburg et al, 2010).  Therefore 

significant advances will need to be made in order to better understand how this relates 

to ENaC activity.  The end result of this is that ENaC antibodies often detect multiple 

bands and it is unclear which best represent ENaC.  Despite this surface biotinylation 

represents one of the most effective ways to investigate surface expression.  In rat 

kidney a two to five-fold increase in ENaC surface expression was observed, yet 

channel activity was increased over fifty-fold.  Thus it was argued that changes in 

surface expression cannot fully account for the increase in channel activity and it would 

appear that increased Na+ transport is a result of both increased trafficking and 

increased channel activity (Frindt et al, 2008).  These were also the findings of 

Myerburg et al (2010) who used trafficking inhibitors to demonstrate that ~60% of the 

Na+ current in human bronchial epithelial cells (HBEs) was due to trafficking and that 

further increase was due to increased channel activity by proteolytic cleavage.  It is 

therefore interesting that SGK1 inhibition completely blocks amiloride-sensitive Na+ 
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transport in H441 cells, as it might be expected to reduce this only if it was involved in 

trafficking.  A likely explanation for this is the strict conditions in which H441 cells 

were maintained.  Insulin and GCs were the only hormones present in the media of 

H441 cells that were used for experiments, for example the media that HBEs were 

maintained in contained hydrocortisone, insulin and epinephrine.  As the release of 

epinephrine is critical to the activation of the Na+ absorbing phenotype, it is possible 

that if it were introduced into the experiments in this thesis, it would result in 

augmenting the response to GCs, possibility by activating ENaC channels already 

present in the membrane or by increasing the activity of newly inserted channels. 

Logical experiments that would follow on from the experiments presented in this thesis 

would be to assay for surface expression in response to GC-treatment.  It might be 

expected that, if following the general conceptual model, this would result in increase in 

surface expression of all three ENaC subunits in H441 cells treated with 

dexamethasone.  Such experiments using surface biotinylation have been carried out (in 

our lab) with unexpected results.  All three channel subunits were found to be expressed 

in the surface of GC-deprived cells, therefore the absence of ENaC in the membrane 

does not account for the lack of an amiloride sensitive current in these cells.  GC-

stimulated cells on the other hand, increased the surface expression of α-ENaC, 

although had no effect on either - and γ-ENaC.  Therefore despite all subunits 

containing PY motifs that are able to interact with Nedd4-2 (Staub 1996; Snyder et al, 

2002), only α-ENaC surface expression is increased; therefore this data in combination 

with that presented in this thesis, does not fit with the hypothesis that GC-induced 

ENaC activity is a result of coordinated increase in trafficking of all three channel 

subunits to the membrane.  However, the increase in α-ENaC may be required in order 

for the appropriate channel stoichiometry to form and these results may reflect the 
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formation of a 2α, 1 and 1γ stoichiometry.  Furthermore the use of kinase inhibitors 

(PI-103, Torin1 and GSK650394) only reduced α-ENaC expression.  This could be seen 

to be consistent with the theory that α-ENaC insertion results in channel activity.  This 

would also accord well with the data suggesting that the α-subunit is the major pore 

forming subunit (Canessa et al 1994; Hummler et al, 1996).  Indeed it could be that an 

α-ENaC subunit, phosphorylated via SGK1 (Diakov and Korbmacher, 2004) could be 

recruited to an ENaC complex that contains only one subunit each, therefore allowing 

channel activation when this second α-subunit is recruited.  A surprising result of this 

thesis was that three hours of GC-treatment did not result in an amiloride sensitive 

current, although it does correspond with an increase in SGK1 activity.  It was therefore 

interesting that this acute GC-stimulation appeared to increase the surface expression of 

all three subunits.  If the previously mentioned theory is to be believed, then this result 

may not be too surprising, as the increase in subunits was even, meaning the ratio of 

subunits will be the same and not favour the formation of a 2α, 1 and 1γ stoichiometry.  

However the results of these surface expression experiments, taken together with the 

results of this thesis, do not support the theory that coordinated increases in ENaC 

membrane expression are a result of SGK1-dependent trafficking of ENaC to the 

membrane.  Despite this they are consistent with the view that SGK1 is vital to the 

hormonal regulation of ENaC by GCs and therefore the role of SGK1 would still appear 

to be unclear. 
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Figure 6.1  Diagram of glucocorticoid induced ENaC activity.  Glucocorticoid induced ENaC activity 

is dependent upon SGK1, however SGK1 activity is dependent upon phosphorylation of two PI3K 

dependent kinases, TORC2 and PDK1, which phosphorylate Ser422 and Thr256 residues on SGK1 

respectively.  However another glucocorticoid induced kinase, GILZ, may be able to compensate for a 

lack of SGK1 activity, for example in SGK1 gene deletion, in order to ensure that fluid clearance take 

place at birth. 
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Main Conclusions 

 Glucocorticoids induce an amiloride-sensitive ENaC like conductance in groups 

of H441 cells. 

 Cell-cell contact is crucial for the expression of glucocorticoid-induced ENaC 

activity in H441 cells and not electrical coupling. 

 Glucocorticoids do not increase the activity of PI3K, PDK1 or TORC2. 

However they do induce a temporal increase in SGK1 activity. 

 ENaC conductance does not mimic the temporal increase in SGK1 activity. 

 Despite this ENaC activity cannot be maintained in the absence of SGK1 

activity. 

 PI3K plays a critical, but permissive, role in glucocorticoid-induced Na+ 

transport in H441 cells. 

 PIP2/3 and / or PKB alone cannot maintain glucocorticoid induced ENaC activity 

 The mechanism of glucocorticoid regulated ENaC activity in H441 cells 

involves the PI3K – TORC2 – SGK1 pathway. 

Thus the main hypothesis stated in the introduction which was: SGK1 activity is vital to 

the hormonal control of ENaC activity via glucocorticoids, cannot be rejected in the 

H441 cell line. 

Future work 

While this work confirms that SGK1 is vital to GC regulated control of Na+ transport in 

the H441 cell line, this work would need to be expanded upon in primary cell culture 

and lung slices in order to determine whether this is the case in vivo.  This could be 

achieved simply be repeating the experiments in this thesis for example using human 
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nasal epithelia, obtained from nasal scrapings.  This study only address the role of 

glucocorticoids in the regulation of ENaC and as there is many more regulators of 

ENaC then it is important to take these into consideration for future experiments.  For 

example it could be that in vivo other regulators of ENaC could cover of the lack of a 

lung phenotype seen in sgk1 gene knockout mice, such as GILZ, cAMP and proteolytic 

cleavage, but that any compensatory effects of these are only seen in vivo.  For example 

patch clamp experiments on lung slices from the sgk1 gene knockout mice in 

combination with Western blot analysis could determine whether GILZ is active and if 

inhibition of GILZ affects Na+ transport. 

While it would seem likely that SGK1 would cause an increase in surface expression, it 

would appear this is not the case (unpublished observation, Noor Isamal), therefore the 

role of SGK1 is still unknown.  It would perhaps be pertinent to look at alternative 

mechanisms by which SGK1 may control ENaC activity, such as channel 

phosphorylation.  However, as this work was carried out in a model cell line, it may not 

represent the true in vivo mechanisms behind GC regulation of Na+ transport, although 

it does provide an excellent basis from which to investigate further.  Therefore greater 

understanding would be gained by investigating the effects of the inhibitors used in this 

thesis in primary cell cultures such as human bronchiolar epithelial cells, cultures of 

isolated ATI and ATII cells or lung slice preparations.  This would help clarify the role 

of the PI3K – TORC2 – SGK1 pathway in systems that better represent an in vivo 

situation and by furthering our understanding of the molecular mechanisms involved in 

glucocorticoid control of Na+ transport, new and improved treatments could be 

developed.  For example a drug targeted towards SGK1 inhibition could be developed 

that would aid the treatment of Liddle's syndrome, a condition underpinned by 

hyperactivation of ENaC. 
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The experiments in this thesis could be further expanded upon by investigating whether 

removal of dexamethasone would abolish ENaC activity.  It could be that while SGK1 

activity is required at basal levels to maintain ENaC activity, the requirement for GC is 

only necessary for the initial activation.  However as the sgk1 gene also contains a GRE 

(Itani et al, 2002) it could be that de novo synthesis of SGK1 could be sufficient to 

maintain ENaC activity.  This would still rely on activation by PI3K – TORC2 in order 

to confer catalytic activity.  By replacing media with dexamethasone free media for 

example after 24 hours stimulation, it would be possible to investigate whether the 

presence of GC is required for maintenance of ENaC activity or if the initial increase in 

SGK1 is important.  In addition it would be interesting to investigate whether exposing 

cells to dexamethasone that rises and falls in a cyclical fashion would maintain ENaC 

activity and / or keep SGK1 activity elevated as this would mimic the pattern of GC 

release in the human body more closely. 

 

Glucocorticoids are important to the switch between net fluid clearance to net fluid 

absorption, and this is maintained throughout life in order to maintain a physiological 

depth of the ASL.  The results in this thesis suggest that SGK1 is critical to maintain the 

Na+ absorption, via ENaC that drives fluid absorption in order to maintain ASL depth.  

However, there are many other regulators of ASL depth, such as ATP, flow rate, PO2, 

adrenaline and arginie vasopressin, which may be able to compensate for the lack one or 

more inputs, (for example, sgk1 gene knockout in mice) in order to achieve normal fluid 

homeostasis.  How all these factors come together to regulate ASL depth is the ultimate 

goal, while the results in this thesis add to this knowledge much work is still required to 

fulfil this goal. 



 150

References 

Adamson TM, Boyd RDH, Platt HS & Strang LB. (1969). Composition of alveolar 
liquid in the foetal lamb, pp. 159. Physiological Soc. 
 
Aherne W & Dawkins MJ. (1964). The removal of fluid from the pulmonary airways 
after birth in the rabbit, and the effect on this of prematurity and pre-natal hypoxia, pp. 
214. 
 
Albert AP, Woollhead AM, Mace OJ & Baines DL. (2008). AICAR decreases the 
activity of two distinct amiloride-sensitive Na+-permeable channels in H441 human 
lung epithelial cell monolayers, pp. L837. Am Physiological Soc. 
 
Albuquerque CA, Nijland MJM & Ross MG. (1998). Mechanism of arginine 
vasopressin suppression of ovine fetal lung fluid secretion: lack of V2-receptor effect, 
pp. 177-182. Informa UK Ltd UK. 
 
Alcorn D, Adamson TM, Lambert TF, Maloney JE, Ritchie BC & Robinson PM. 
(1977). Morphological effects of chronic tracheal ligation and drainage in the fetal lamb 
lung, pp. 649. Blackwell Publishing. 
 
Anantharam A & Palmer LG. (2007). Determination of epithelial Na+ channel subunit 
stoichiometry from single-channel conductances, pp. 55. Rockefeller Univ Press. 
 
Andjelkovic M, Alessi DR, Meier R, Fernandez A, Lamb NJC, Frech M, Cron P, Cohen 
P, Lucocq JM & Hemmings BA. (1997). Role of translocation in the activation and 
function of protein kinase B, pp. 31515. ASBMB. 
 
Arteaga MF, Wang L, Ravid T, Hochstrasser M & Canessa CM. (2006). An 
amphipathic helix targets serum and glucocorticoid-induced kinase 1 to the endoplasmic 
reticulum-associated ubiquitin-conjugation machinery, pp. 11178. National Acad 
Sciences. 
 
Bachhuber T, Almaça J, Aldehni F, Mehta A, Amaral MD, Schreiber R & Kunzelmann 
K. (2008). Regulation of the epithelial Na+ channel by the protein kinase CK2, pp. 
13225. ASBMB. 
 
Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H, Klevernic I, Arthur 
JSC, Alessi DR & Cohen P. (2007). The selectivity of protein kinase inhibitors: a 
further update, pp. 297. Portland Press Ltd. 
 
Baines DL, Albert AP, Hazell MJ, Gambling L, Woollhead AM & Dockrell MEC. 
(2010). Lipopolysaccharide modifies amiloride-sensitive Na+ transport processes across 
human airway cells: role of mitogen-activated protein kinases ERK 1/2 and 5, pp. 451-
463. Springer. 
 
Baines DL, Folkesson HG, Norlin A, Bingle CD, Yuan HT & Olver RE. (2000). The 
influence of mode of delivery, hormonal status and postnatal O2 environment on 



 151

epithelial sodium channel (ENaC) expression in perinatal guinea-pig lung, pp. 147. 
Physiological Soc. 
 
Baines DL, Ramminger SJ, Collett A, Haddad JJE, Best OG, Land SC, Olver RE & 
Wilson SM. (2001). Oxygen evoked Na+ transport in rat fetal distal lung epithelial 
cells, pp. 105-113. Wiley Online Library. 
 
Bangel-Ruland N, Sobczak K, Christmann T, Kentrup D, Langhorst H, Kusche-Vihrog 
K & Weber WM. (2010). Characterization of the epithelial sodium channel delta-
subunit in human nasal epithelium, pp. 498. 
 
Barbry P & Hofman P. (1997). Molecular biology of Na+ absorption, pp. G571-G585. 
American Physiological Society. 
 
Barker PM, Brown MJ, Ramsden CA, Strang LB & Walters DV. (1988). The effect of 
thyroidectomy in the fetal sheep on lung liquid reabsorption induced by adrenaline or 
cyclic AMP, pp. 373. Physiological Soc. 
 
Barker PM, Markiewicz M, Parker KA, Walters DV & Strang LB. (1990). Synergistic 
action of triiodothyronine and hydrocortisone on epinephrine-induced reabsorption of 
fetal lung liquid, pp. 588. 
 
Barker PM, Walters DV, Markiewicz M & Strang LB. (1991). Development of the lung 
liquid reabsorptive mechanism in fetal sheep: synergism of triiodothyronine and 
hydrocortisone, pp. 435. Physiological Soc. 
 
Barquin N, Ciccolella DE, Ridge KM & Sznajder JI. (1997). Dexamethasone 
upregulates the Na-K-ATPase in rat alveolar epithelial cells, pp. L825. Am 
Physiological Soc. 
 
Barry PH. (1994). JPCalc, a software package for calculating liquid junction potential 
corrections in patch-clamp, intracellular, epithelial and bilayer measurements and for 
correcting junction potential measurements, pp. 107-116. Elsevier. 
 
Barry PH & Lynch JW. (1991). Liquid junction potentials and small cell effects in 
patch-clamp analysis, pp. 101-117. Springer. 
 
Bauer HC, Traweger A, Zweimueller-Mayer J, Lehner C, Tempfer H, Krizbai I, 
Wilhelm I & Bauer H. (2010). New aspects of the molecular constituents of tissue 
barriers, pp. 1-15. Springer. 
 
Bayascas JR & Alessi DR. (2005). Regulation of Akt/PKB Ser473 phosphorylation, pp. 
143-145. Elsevier. 
 
Berger J, Richter K, Clauss WG & Fronius M. (2010). Evidence for basolateral Cl- 
channels as modulators of apical Cl- secretion in pulmonary epithelia of Xenopus 
laevis, pp. R616. Am Physiological Soc. 
 



 152

Berger PJ, Smolich JJ, Ramsden CA & Walker AM. (1996). Effect of lung liquid 
volume on respiratory performance after caesarean delivery in the lamb, pp. 905. 
Physiological Soc. 
 
Bhalla V, Daidie D, Li H, Pao AC, LaGrange LP, Wang J, Vandewalle A, Stockand JD, 
Staub O & Pearce D. (2005). Serum-and glucocorticoid-regulated kinase 1 regulates 
ubiquitin ligase neural precursor cell-expressed, developmentally down-regulated 
protein 4-2 by inducing interaction with 14-3-3, pp. 3073. Endocrine Soc. 
 
Biondi RM, Kieloch A, Currie RA, Deak M & Alessi DR. (2001). The PIF-binding 
pocket in PDK1 is essential for activation of S6K and SGK, but not PKB, pp. 4380-
4390. Nature Publishing Group. 
 
Blaisdell CJ, Edmonds RD, Wang XT, Guggino S & Zeitlin PL. (2000). pH-regulated 
chloride secretion in fetal lung epithelia, pp. L1248. Am Physiological Soc. 
 
Bland RD, McMillan DD, Bressack MA & Dong L. (1980). Clearance of liquid from 
lungs of newborn rabbits, pp. 171. Am Physiological Soc. 
 
Blazer-Yost BL, Esterman MA & Vlahos CJ. (2003). Insulin-stimulated trafficking of 
ENaC in renal cells requires PI 3-kinase activity, pp. C1645. Am Physiological Soc. 
 
Blazer-Yost BL, Liu X & Helman SI. (1998). Hormonal regulation of ENaCs: insulin 
and aldosterone, pp. C1373. Am Physiological Soc. 
 
Blazer-Yost BL, Vahle JC, Byars JM & Bacallao RL. (2004). Real-time three-
dimensional imaging of lipid signal transduction: apical membrane insertion of 
epithelial Na+ channels, pp. C1569. Am Physiological Soc. 
 
Boase NA, Rychkov GY, Townley SL, Dinudom A, Candi E, Voss AK, Tsoutsman T, 
Semsarian C, Melino G & Koentgen F. (2011). Respiratory distress and perinatal 
lethality in Nedd4-2-deficient mice, pp. 287. Nature Publishing Group. 
 
Boncoeur É, Tardif V, Tessier MC, Morneau F, Lavoie J, Gendreau-Berthiaume E, 
Grygorczyk R, Dagenais A & Berthiaume Y. (2010). Modulation of epithelial sodium 
channel activity by lipopolysaccharide in alveolar type II cells: involvement of 
purinergic signaling, pp. L417. Am Physiological Soc. 
 
Boucher RC. (1999). Molecular insights into the physiology of the ‘thin film’of airway 
surface liquid, pp. 631. Physiological Soc. 
 
Boucher RC. (2004). New concepts of the pathogenesis of cystic fibrosis lung disease, 
pp. 146. European Respiratory Society. 
 
Boucher RC, Stutts MJ, Knowles MR, Cantley L & Gatzy JT. (1986). Na+ transport in 
cystic fibrosis respiratory epithelia. Abnormal basal rate and response to adenylate 
cyclase activation, pp. 1245. American Society for Clinical Investigation. 
 



 153

Bourke S, Mason HS, Borok Z, Kim KJ, Crandall ED & Kemp PJ. (2005). 
Development of a lung slice preparation for recording ion channel activity in alveolar 
epithelial type I cells, pp. 40. 
 
Bove PF, Grubb BR, Okada SF, Ribeiro CMP, Rogers TD, Randell SH, O'Neal WK & 
Boucher RC. (2010). Human alveolar type II cells secrete and absorb liquid in response 
to local nucleotide signaling, pp. 34939. ASBMB. 
 
Boyd C & Náray-Fejes-Tóth A. (2005). Gene regulation of ENaC subunits by serum-
and glucocorticoid-inducible kinase-1, pp. F505. Am Physiological Soc. 
 
Bradford MM. (1976). A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding, pp. 248-254. 
Elsevier. 
 
Brochiero E, Dagenais A, Privé A, Berthiaume Y & Grygorczyk R. (2004). Evidence of 
a functional CFTR Cl–channel in adult alveolar epithelial cells, pp. L382. Am 
Physiological Soc. 
 
Broers JL, Jensen SM, Travis WD, Pass H, Whitsett JA, Singh G, Katyal SL, Gazdar 
AF, Minna JD & Linnoila RI. (1992). Expression of surfactant associated protein-A and 
Clara cell 10 kilodalton mRNA in neoplastic and non-neoplastic human lung tissue as 
detected by in situ hybridization, pp. 337. 
 
Brown MJ, Olver RE, Ramsden CA, Strang LB & Walters DV. (1983). Effects of 
adrenaline and of spontaneous labour on the secretion and absorption of lung liquid in 
the fetal lamb, pp. 137. Physiological Soc. 
 
Brown SG, Gallacher M, Olver RE & Wilson SM. (2008). The regulation of selective 
and nonselective Na+ conductances in H441 human airway epithelial cells, pp. L942. 
Am Physiological Soc. 
 
Brunn GJ, Williams J, Sabers C, Wiederrecht G, Lawrence Jr JC & Abraham RT. 
(1996). Direct inhibition of the signaling functions of the mammalian target of 
rapamycin by the phosphoinositide 3-kinase inhibitors, wortmannin and LY294002, pp. 
5256. Nature Publishing Group. 
 
Buren J, Lai YC, Lundgren M, Eriksson JW & Jensen J. (2008). Insulin action and 
signalling in fat and muscle from dexamethasone-treated rats, pp. 91-101. Elsevier. 
 
Cadepond F, Schweizer-Groyer G, Segard-Maurel I, Jibard N, Hollenberg SM, Giguere 
V, Evans RM & Baulieu EE. (1991). Heat shock protein 90 as a critical factor in 
maintaining glucocorticosteroid receptor in a nonfunctional state, pp. 5834. ASBMB. 
 
Canessa CM, Horisberger JD & Rossier BC. (1993). Epithelial sodium channel related 
to proteins involved in neurodegeneration. Nature Publishing Group. 
 
Canessa CM, Schild L, Buell G, Thorens B, Gautschi I, Horisberger JD & Rossier BC. 
(1994). Amiloride-sensitive epithelial Na+ channel is made of three homologous 
subunits. Nature Publishing Group. 



 154

 
Chang SS, Grunder S, Hanukoglu A, Rösler A, Mathew PM, Hanukoglu I, Schild L, Lu 
Y, Shimkets RA & Nelson-Williams C. (1996). Mutations in subunits of the epithelial 
sodium channel cause salt wasting with hyperkalaemic acidosis, 
pseudohypoaldosteronism type 1, pp. 248-253. Nature Publishing Group. 
 
Christ-Crain M, Kola B, Lolli F, Fekete C, Seboek D, Wittmann G, Feltrin D, Igreja SC, 
Ajodha S & Harvey-White J. (2008). AMP-activated protein kinase mediates 
glucocorticoid-induced metabolic changes: a novel mechanism in Cushing’s syndrome, 
pp. 1672. FASEB. 
 
Chua BA & Perks AM. (1998). The effect of dopamine on lung liquid production by in 
vitro lungs from fetal guinea pigs, pp. 283-294. Wiley Online Library. 
 
Chua BA & Perks AM. (1999). The Pulmonary Neuroendocrine System and Drainage 
of the Fetal Lung: Effects of Serotonin* 1, pp. 374-387. Elsevier. 
 
Clunes MT, Butt AG & Wilson SM. (2004). A glucocorticoid-induced Na+ 
conductance in human airway epithelial cells identified by perforated patch recording, 
pp. 809. Physiological Soc. 
 
Collett A, Ramminger SJ, Olver RE & Wilson SM. (2002). -Adrenoceptor-mediated 
control of apical membrane conductive properties in fetal distal lung epithelia, pp. 
L621. Am Physiological Soc. 
 
Cutolo M, Villaggio B, Brizzolara R, Montagna P, Gallo F, Moretti S, Bonassi S, Sulli 
A & Soldano S. (2011). Identification and quantification of selected inflammatory genes 
modulated by leflunomide and prednisone treatment in early rheumatoid arthritis 
patients, pp. 72-79. Clinical and Experimental Rheumatology. 
 
Dagenais A, Denis C, Vives MF, Girouard S, Massé C, Nguyen T, Yamagata T, 
Grygorczyk C, Kothary R & Berthiaume Y. (2001). Modulation of -ENaC and 1-Na+-
K+-ATPase by cAMP and dexamethasone in alveolar epithelial cells, pp. L217. Am 
Physiological Soc. 
 
Dagenais A, Fréchette R, Clermont ME, Massé C, Privé A, Brochiero E & Berthiaume 
Y. (2006). Dexamethasone inhibits the action of TNF on ENaC expression and activity, 
pp. L1220. Am Physiological Soc. 
 
Damsted SK, Born AP, Paulson OB & Uldall P. (2011). Exogenous glucocorticoids and 
adverse cerebral effects in children. 
 
De La Rosa DA, Li H & Canessa CM. (2002). Effects of aldosterone on biosynthesis, 
traffic, and functional expression of epithelial sodium channels in A6 cells, pp. 427. 
Rockefeller Univ Press. 
 
De La Rosa DA, Zhang P, Náray-Fejes-Tóth A, Fejes-Tóth G & Canessa CM. (1999). 
The serum and glucocorticoid kinase sgk increases the abundance of epithelial sodium 
channels in the plasma membrane of Xenopus oocytes, pp. 37834. ASBMB. 
 



 155

Debonneville C, Flores SY, Kamynina E, Plant PJ, Tauxe C, Thomas MA, Münster C, 
Chraïbi A, Pratt JH & Horisberger JD. (2001). Phosphorylation of Nedd4-2 by Sgk1 
regulates epithelial Na+ channel cell surface expression, pp. 7052-7059. Nature 
Publishing Group. 
 
Dennis AP & O'Malley BW. (2005). Rush hour at the promoter: how the ubiquitin-
proteasome pathway polices the traffic flow of nuclear receptor-dependent transcription, 
pp. 139-151. Elsevier. 
 
Diakov A, Bera K, Mokrushina M, Krueger B & Korbmacher C. (2008). Cleavage in 
the subunit of the epithelial sodium channel (ENaC) plays an important role in the 
proteolytic activation of near silent channels, pp. 4587-4608. Wiley Online Library. 
 
Diakov A & Korbmacher C. (2004). A novel pathway of epithelial sodium channel 
activation involves a serum-and glucocorticoid-inducible kinase consensus motif in the 
C terminus of the channel's -subunit, pp. 38134. ASBMB. 
 
Diakov A, Nesterov V, Mokrushina M, Rauh R & Korbmacher C. (2010). Protein 
Kinase B Alpha (PKB ) Stimulates the Epithelial Sodium Channel (ENaC) 
Heterologously Expressed in< i> Xenopus laevis</i> Oocytes by Two Distinct 
Mechanisms, pp. 913-924. Karger Publishers. 
 
Ding JW, Dickie J, O’Brodovich H, Shintani Y, Rafii B, Hackam D, Marunaka Y & 
Rotstein OD. (1998). Inhibition of amiloride-sensitive sodium-channel activity in distal 
lung epithelial cells by nitric oxide, pp. L378. Am Physiological Soc. 
 
Dobbs LG & Johnson MD. (2007). Alveolar epithelial transport in the adult lung, pp. 
283-300. Elsevier. 
 
Duma D, Jewell CM & Cidlowski JA. (2006). Multiple glucocorticoid receptor 
isoforms and mechanisms of post-translational modification, pp. 11-21. Elsevier. 
 
Eaton DC, Helms MN, Koval M, Bao HF & Jain L. (2009). The contribution of 
epithelial sodium channels to alveolar function in health and disease, pp. 403-423. 
Annual Reviews. 
 
Evans MJ, Cabral LJ, Stephens RJ & Freeman G. (1973). Renewal of alveolar 
epithelium in the rat following exposure to NO2, pp. 175. American Society for 
Investigative Pathology. 
 
Falin R, Veizis IE & Cotton CU. (2005). A role for ERK1/2 in EGF-and ATP-
dependent regulation of amiloride-sensitive sodium absorption, pp. C1003. Am 
Physiological Soc. 
 
Fan QW, Knight ZA, Goldenberg DD, Yu W, Mostov KE, Stokoe D, Shokat KM & 
Weiss WA. (2006). A dual PI3 kinase/mTOR inhibitor reveals emergent efficacy in 
glioma, pp. 341-349. Elsevier. 
 



 156

Fang X, Fukuda N, Barbry P, Sartori C, Verkman AS & Matthay MA. (2002). Novel 
role for CFTR in fluid absorption from the distal airspaces of the lung, pp. 199. 
Rockefeller Univ Press. 
 
Fejes-Tóth G, Frindt G, Náray-Fejes-Tóth A & Palmer LG. (2008). Epithelial Na+ 
channel activation and processing in mice lacking SGK1, pp. F1298. Am Physiological 
Soc. 
 
Feldman ME, Apsel B, Uotila A, Loewith R, Knight ZA, Ruggero D & Shokat KM. 
(2009). Active-site inhibitors of mTOR target rapamycin-resistant outputs of mTORC1 
and mTORC2, pp. e1000038. 
 
Fewell JE & Johnson P. (1983). Upper airway dynamics during breathing and during 
apnoea in fetal lambs, pp. 495. Physiological Soc. 
 
Fingar DC, Richardson CJ, Tee AR, Cheatham L, Tsou C & Blenis J. (2004). mTOR 
controls cell cycle progression through its cell growth effectors S6K1 and 4E-
BP1/eukaryotic translation initiation factor 4E, pp. 200. Am Soc Microbiol. 
 
Firsov D, Gautschi I, Merillat AM, Rossier BC & Schild L. (1998). The 
heterotetrameric architecture of the epithelial sodium channel (ENaC), pp. 344-352. 
Nature Publishing Group. 
 
Fonseca BD, Smith EM, Lee VHY, MacKintosh C & Proud CG. (2007). PRAS40 is a 
target for mammalian target of rapamycin complex 1 and is required for signaling 
downstream of this complex, pp. 24514. ASBMB. 
 
Friedrich B, Feng Y, Cohen P, Risler T, Vandewalle A, Bröer S, Wang J, Pearce D & 
Lang F. (2003). The serine/threonine kinases SGK2 and SGK3 are potent stimulators of 
the epithelial Na+ channel alpha, beta, gamma-ENaC, pp. 693-696. Springer. 
 
Frindt G, Ergonul Z & Palmer LG. (2008). Surface expression of epithelial Na channel 
protein in rat kidney, pp. 617. Rockefeller Univ Press. 
 
FrÖMter E & Diamond J. (1972). Route of passive ion permeation in epithelia, pp. 9-
13. Nature Publishing Group. 
 
Gallacher M, Brown SG, Hale BG, Fearns R, Olver RE, Randall RE & Wilson SM. 
(2009). Cation currents in human airway epithelial cells induced by infection with 
influenza A virus, pp. 3159-3173. Wiley Online Library. 
 
Garcia-Martinez J & Alessi D. (2008). mTOR complex 2 (mTORC2) controls 
hydrophobic motif phosphorylation and activation of serum-and glucocorticoid-induced 
protein kinase 1 (SGK1), pp. 375-385. 
 
Garty H & Palmer LG. (1997). Epithelial sodium channels: function, structure, and 
regulation, pp. 359. Am Physiological Soc. 
 
Gazdar AF, Oie HK, Shackleton CH, Chen TR, Triche TJ, Myers CE, Chrousos GP, 
Brennan MF, Stein CA & La Rocca RV. (1990). Establishment and characterization of 



 157

a human adrenocortical carcinoma cell line that expresses multiple pathways of steroid 
biosynthesis, pp. 5488. AACR. 
 
Gonzalez-Rodriguez E, Gaeggeler HP & Rossier BC. (2006). IGF-1 vs insulin: 
respective roles in modulating sodium transport via the PI-3 kinase/Sgk1 pathway in a 
cortical collecting duct cell line, pp. 116-125. Nature Publishing Group. 
 
Grahammer F, Artunc F, Sandulache D, Rexhepaj R, Friedrich B, Risler T, McCormick 
JA, Dawson K, Wang J & Pearce D. (2006). Renal function of gene-targeted mice 
lacking both SGK1 and SGK3, pp. R945. Am Physiological Soc. 
 
Guazzi M, Brambilla R, De Vita S & Guazzi MD. (2002a). Diabetes worsens 
pulmonary diffusion in heart failure, and insulin counteracts this effect, pp. 978. Am 
Thoracic Soc. 
 
Guazzi M, Oreglia I & Guazzi MD. (2002b). Insulin improves alveolar-capillary 
membrane gas conductance in type 2 diabetes, pp. 1802. Am Diabetes Assoc. 
 
Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany NY, Moffat J, Brown M, 
Fitzgerald KJ & Sabatini DM. (2006). Ablation in mice of the mTORC components 
raptor, rictor, or mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO 
and PKC [alpha], but Not S6K1, pp. 859-871. Elsevier. 
 
Guha M & Mackman N. (2001). LPS induction of gene expression in human 
monocytes, pp. 85-94. Elsevier. 
 
Guillot L, Medjane S, Le-Barillec K, Balloy V, Danel C, Chignard M & Si-Tahar M. 
(2004). Response of human pulmonary epithelial cells to lipopolysaccharide involves 
Toll-like Receptor 4 (TLR4)-dependent signaling pathways, pp. 2712. ASBMB. 
 
Guyot A & Hanrahan JW. (2002). ATP release from human airway epithelial cells 
studied using a capillary cell culture system, pp. 199. Physiological Soc. 
 
Haas M, McBrayer D & Lytle C. (1995). Cl-dependent Phosphorylation of the Na-K-Cl 
Cotransport Protein of Dog Tracheal Epithelial Cells, pp. 28955. ASBMB. 
 
Hagiwara N, Tohda H, Doi Y, O'Brodovich H & Marunaka Y. (1992). Effects of insulin 
and tyrosine kinase inhibitor on ion transport in the alveolar cell of the fetal lung, pp. 
802-808. Elsevier. 
 
Hales KA, Morgan MA & Thurnau GR. (1993). Influence of labor and route of delivery 
on the frequency of respiratory morbidity in term neonates, pp. 35-40. Elsevier. 
 
Hara K, Yonezawa K, Kozlowski MT, Sugimoto T, Andrabi K, Weng QP, Kasuga M, 
Nishimoto I & Avruch J. (1997). Regulation of eIF-4E BP1 phosphorylation by mTOR, 
pp. 26457. ASBMB. 
 
Haxhiu MA, Haxhiu-Poskurica B, Moracic V, Carlo WA & Martin RJ. (1990). Reflex 
and chemical responses of tracheal submucosal glands in piglets, pp. 267-277. Elsevier. 
 



 158

Heitman J, Movva NR & Hall MN. (1991). Targets for cell cycle arrest by the 
immunosuppressant rapamycin in yeast, pp. 905. American Association for the 
Advancement of Science. 
 
Helms MN, Self J, Bao HF, Job LC, Jain L & Eaton DC. (2006). Dopamine activates 
amiloride-sensitive sodium channels in alveolar type I cells in lung slice preparations, 
pp. L610. Am Physiological Soc. 
 
Helve O, Janer C, Pitkanen O & Andersson S. (2007). Expression of the epithelial 
sodium channel in airway epithelium of newborn infants depends on gestational age, pp. 
1311. Am Acad Pediatrics. 
 
Henry PC, Kanelis V, O'Brien MC, Kim B, Gautschi I, Forman-Kay J, Schild L & Rotin 
D. (2003). Affinity and specificity of interactions between Nedd4 isoforms and the 
epithelial Na+ channel, pp. 20019. ASBMB. 
 
Hollenberg SM, Weinberger C, Ong ES, Cerelli G, Oro A, Lebo R, Thompson EB, 
Rosenfeld MG & Evans RM. (1985). Primary structure and expression of a functional 
human glucocorticoid receptor cDNA, pp. 635. 
 
Hong F, Larrea MD, Doughty C, Kwiatkowski DJ, Squillace R & Slingerland JM. 
(2008). mTOR-raptor binds and activates SGK1 to regulate p27 phosphorylation, pp. 
701-711. Elsevier. 
 
Hughey RP, Bruns JB, Kinlough CL, Harkleroad KL, Tong Q, Carattino MD, Johnson 
JP, Stockand JD & Kleyman TR. (2004). Epithelial sodium channels are activated by 
furin-dependent proteolysis, pp. 18111. ASBMB. 
 
Hummler E, Barker P, Gatzy J, Beermann F, Verdumo C, Schmidt A, Boucher R & 
Rossier BC. (1996). Early death due to defective neonatal lung liquid clearance in 
ENaC-deficient mice, pp. 325-328. Nature Publishing Group. 
 
Ichimura T, Yamamura H, Sasamoto K, Tominaga Y, Taoka M, Kakiuchi K, Shinkawa 
T, Takahashi N, Shimada S & Isobe T. (2005). 14-3-3 proteins modulate the expression 
of epithelial Na+ channels by phosphorylation-dependent interaction with Nedd4-2 
ubiquitin ligase, pp. 13187. ASBMB. 
 
Inglis SK, Gallacher M, Brown SG, McTavish N, Getty J, Husband EM, Murray JT & 
Wilson SM. (2009). SGK1 activity in Na+ absorbing airway epithelial cells monitored 
by assaying NDRG1-Thr 346/356/366 phosphorylation, pp. 1287-1301. Springer. 
 
Ismaili N & Garabedian MJ. (2004). Modulation of glucocorticoid receptor function via 
phosphorylation, pp. 86-101. Wiley Online Library. 
 
Itani OA, Auerbach SD, Husted RF, Volk KA, Ageloff S, Knepper MA, Stokes JB & 
Thomas CP. (2002). Glucocorticoid-stimulated lung epithelial Na+ transport is 
associated with regulated ENaC andsgk1 expression, pp. L631. Am Physiological Soc. 
 



 159

Ito K, Barnes PJ & Adcock IM. (2000). Glucocorticoid receptor recruitment of histone 
deacetylase 2 inhibits interleukin-1beta-induced histone H4 acetylation on lysines 8 and 
12, pp. 6891. Am Soc Microbiol. 
 
Ito K, Yamamura S, Essilfie-Quaye S, Cosio B, Ito M, Barnes PJ & Adcock IM. (2006). 
Histone deacetylase 2–mediated deacetylation of the glucocorticoid receptor enables 
NF- B suppression, pp. 7. Rockefeller Univ Press. 
 
Ito Y, Niisato N, O’Brodovich H & Marunaka Y. (1997). The effect of brefeldin A on 
terbutaline-induced sodium absorption in fetal rat distal lung epithelium, pp. 492-494. 
Springer. 
 
Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, Jung SY, Huang Q, Qin J & Su B. 
(2006). SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt 
phosphorylation and substrate specificity, pp. 125-137. Elsevier. 
 
Jain L, Chen XJ, Ramosevac S, Brown LA & Eaton DC. (2001). Expression of highly 
selective sodium channels in alveolar type II cells is determined by culture conditions, 
pp. L646. Am Physiological Soc. 
 
Jasti J, Furukawa H, Gonzales EB & Gouaux E. (2007). Structure of acid-sensing ion 
channel 1 at 1.9 Å resolution and low pH, pp. 316-323. Nature Publishing Group. 
 
Jauregui-Huerta F, Ruvalcaba-Delgadillo Y, Gonzalez-Castañeda R, Garcia-Estrada J, 
Gonzalez-Perez O & Luquin S. (2010). Responses of glial cells to stress and 
glucocorticoids, pp. 195. NIH Public Access. 
 
Joels M, Krugers HJ, Lucassen PJ & Karst H. (2009). Corticosteroid effects on cellular 
physiology of limbic cells, pp. 91-100. Elsevier. 
 
Johnson MD, Bao HF, Helms MN, Chen XJ, Tigue Z, Jain L, Dobbs LG & Eaton DC. 
(2006). Functional ion channels in pulmonary alveolar type I cells support a role for 
type I cells in lung ion transport, pp. 4964. National Acad Sciences. 
 
Johnson MD, Widdicombe JH, Allen L, Barbry P & Dobbs LG. (2002). Alveolar 
epithelial type I cells contain transport proteins and transport sodium, supporting an 
active role for type I cells in regulation of lung liquid homeostasis, pp. 1966. National 
Acad Sciences. 
 
Kaufmann JE, Iezzi M & Vischer UM. (2003). Desmopressin (DDAVP) induces NO 
production in human endothelial cells via V2 receptor and cAMP mediated signaling, 
pp. 821-828. Wiley Online Library. 
 
Kerem E, Bistritzer T, Hanukoglu A, Hofmann T, Zhou Z, Bennett W, MacLaughlin E, 
Barker P, Nash M & Quittell L. (1999). Pulmonary epithelial sodium-channel 
dysfunction and excess airway liquid in pseudohypoaldosteronism, pp. 156-162. 
Boston: Massachusetts Medical Society, 1928-. 
 
Kikkawa Y & Yoneda K. (1974). The type II epithelial cell of the lung. I. Method of 
isolation, pp. 76. 



 160

 
Kim DH, Sarbassov DD, Ali SM, King JE, Latek RR, Erdjument-Bromage H, Tempst P 
& Sabatini DM. (2002). mTOR interacts with raptor to form a nutrient-sensitive 
complex that signals to the cell growth machinery, pp. 163-175. Elsevier. 
 
Kim DH, Sarbassov DD, Ali SM, Latek RR, Guntur KVP, Erdjument-Bromage H, 
Tempst P & Sabatini DM. (2003). G [beta] L, a positive regulator of the rapamycin-
sensitive pathway required for the nutrient-sensitive interaction between raptor and 
mTOR, pp. 895-904. Elsevier. 
 
Kim KK, Kugler MC, Wolters PJ, Robillard L, Galvez MG, Brumwell AN, Sheppard D 
& Chapman HA. (2006). Alveolar epithelial cell mesenchymal transition develops in 
vivo during pulmonary fibrosis and is regulated by the extracellular matrix, pp. 13180. 
National Acad Sciences. 
 
Kino T, Su YA & Chrousos GP. (2009). Human glucocorticoid receptor isoform : 
recent understanding of its potential implications in physiology and pathophysiology, 
pp. 3435-3448. Springer. 
 
Kobayashi T & Cohen P. (1999). Activation of serum-and glucocorticoid-regulated 
protein kinase by agonists that activate phosphatidylinositide 3-kinase is mediated by 3-
phosphoinositide-dependent protein kinase-1 (PDK1) and PDK2, pp. 319. Portland 
Press Ltd. 
 
Kobayashi T, Deak M, Morrice N & Cohen P. (1999). Characterization of the structure 
and regulation of two novel isoforms of serum-and glucocorticoid-induced protein 
kinase, pp. 189. Portland Press Ltd. 
 
Kosari F, Sheng S, Li J, Mak DOD, Foskett JK & Kleyman TR. (1998). Subunit 
stoichiometry of the epithelial sodium channel, pp. 13469. ASBMB. 
 
Kuehn HS, Jung MY, Beaven MA, Metcalfe DD & Gilfillan AM. (2011). Prostaglandin 
E2 Activates and Utilizes mTORC2 as a Central Signaling Locus for the Regulation of 
Mast Cell Chemotaxis and Mediator Release, pp. 391. ASBMB. 
 
Lagercrantz H & Bistoletti P. (1977). Catecholamine release in the newborn infant at 
birth, pp. 889. 
 
Land SC & Tee AR. (2007). Hypoxia-inducible factor 1 is regulated by the mammalian 
target of rapamycin (mTOR) via an mTOR signaling motif, pp. 20534. ASBMB. 
 
Lang F, Artunc F & Vallon V. (2009). The Physiological Impact of the Serum-and 
Glucocorticoid-inducible Kinase SGK1, pp. 439. NIH Public Access. 
 
Lazrak A, Iles KE, Liu G, Noah DL, Noah JW & Matalon S. (2009). Influenza virus M2 
protein inhibits epithelial sodium channels by increasing reactive oxygen species, pp. 
3829. FASEB. 
 
Lazrak A & Matalon S. (2003). cAMP-induced changes of apical membrane potentials 
of confluent H441 monolayers, pp. L443. Am Physiological Soc. 



 161

 
Le Drean Y, Mincheneau N, Le Goff P & Michel D. (2002). Potentiation of 
glucocorticoid receptor transcriptional activity by sumoylation, pp. 3482. Endocrine 
Soc. 
 
Lee IH, Dinudom A, Sanchez-Perez A, Kumar S & Cook DI. (2007). Akt mediates the 
effect of insulin on epithelial sodium channels by inhibiting Nedd4-2, pp. 29866. 
ASBMB. 
 
Lee-Fruman KK, Kuo CJ, Lippincott J, Terada N & Blenis J. (1999). Characterization 
of S6K2, a novel kinase homologous to S6K1, pp. 5108. 
 
Logie L, Ruiz-Alcaraz AJ, Keane M, Woods YL, Bain J, Marquez R, Alessi DR & 
Sutherland C. (2007). Characterization of a protein kinase B inhibitor in vitro and in 
insulin-treated liver cells, pp. 2218. Am Diabetes Assoc. 
 
Low FN. (1952). Electron microscopy of the rat lung, pp. 437-449. Wiley Online 
Library. 
 
Lu M, Wang J, Jones KT, Ives HE, Feldman ME, Yao L, Shokat KM, Ashrafi K & 
Pearce D. (2010). mTOR complex-2 activates ENaC by phosphorylating SGK1, pp. 
811. Am Soc Nephrol. 
 
Lu NZ & Cidlowski JA. (2005). Translational regulatory mechanisms generate N-
terminal glucocorticoid receptor isoforms with unique transcriptional target genes, pp. 
331-342. Elsevier. 
 
Mall M, Grubb BR, Harkema JR, O'Neal WK & Boucher RC. (2004). Increased airway 
epithelial Na+ absorption produces cystic fibrosis-like lung disease in mice, pp. 487-
493. Nature Publishing Group. 
 
Mansley MK & Wilson SM. (2010a). Dysregulation of epithelial Na+ absorption 
induced by inhibition of the kinases TORC1 and TORC2. Wiley Online Library. 
 
Mansley MK & Wilson SM. (2010b). Effects of nominally selective inhibitors of the 
kinases PI3K, SGK1 and PKB on the insulin dependent control of epithelial Na+ 
absorption, pp. 571-588. Wiley Online Library. 
 
Marunaka Y, Niisato N, O'Brodovich H & Eaton DC. (1999). Regulation of an 
amiloride sensitive Na+ permeable channel by a 2 adrenergic agonist, cytosolic Ca2+ 
and Cl- in fetal rat alveolar epithelium, pp. 669-683. Wiley Online Library. 
 
McCormick JA, Feng Y, Dawson K, Behne MJ, Yu B, Wang J, Wyatt AW, Henke G, 
Grahammer F & Mauro TM. (2004). Targeted disruption of the protein kinase 
SGK3/CISK impairs postnatal hair follicle development, pp. 4278. Am Soc Cell Biol. 
 
McTavish N, Getty J, Burchell A & Wilson SM. (2009). Glucocorticoids can activate 
the -ENaC gene promoter independently of SGK1, pp. 189. Portland Press Ltd. 
 



 162

Mick VE, Itani OA, Loftus RW, Husted RF, Schmidt TJ & Thomas CP. (2001). The 
{{alpha}}-Subunit of the Epithelial Sodium Channel Is an Aldosterone-Induced 
Transcript in Mammalian Collecting Ducts, and This Transcriptional Response Is 
Mediated via Distinct cis-Elements in the 5'-Flanking Region of the Gene, pp. 575. 
Endocrine Soc. 
 
Moessinger AC, Collins MH, Blanc WA, Rey HR & James LS. (1986). 
Oligohydramnios-induced lung hypoplasia: the influence of timing and duration in 
gestation, pp. 951. 
 
Moessinger AC, Harding R, Adamson TM, Singh M & Kiu GT. (1990). Role of lung 
fluid volume in growth and maturation of the fetal sheep lung, pp. 1270. American 
Society for Clinical Investigation. 
 
Murray CB, Morales MM, Flotte TR, McGrath-Morrow SA, Guggino WB & Zeitlin 
PL. (1995). CIC-2: a developmentally dependent chloride channel expressed in the fetal 
lung and downregulated after birth, pp. 597. 
 
Murray JT, Campbell DG, Morrice N, Auld GC, Shpiro N, Marquez R, Peggie M, Bain 
J, Bloomberg GB & Grahammer F. (2004). Exploitation of KESTREL to identify 
NDRG family members as physiological substrates for SGK1 and GSK3, pp. 477. 
Portland Press Ltd. 
 
Murray JT, Cummings LA, Bloomberg GB & Cohen P. (2005). Identification of 
different specificity requirements between SGK1 and PKB [alpha], pp. 991-994. 
Elsevier. 
 
Myerburg MM, Butterworth MB, McKenna EE, Peters KW, Frizzell RA, Kleyman TR 
& Pilewski JM. (2006). Airway surface liquid volume regulates ENaC by altering the 
serine protease-protease inhibitor balance, pp. 27942. ASBMB. 
 
Myerburg MM, Harvey PR, Heidrich EM, Pilewski JM & Butterworth MB. (2010). 
Acute regulation of the epithelial sodium channel in airway epithelia by proteases and 
trafficking, pp. 712. 
 
Nader N, Chrousos GP & Kino T. (2009). Circadian rhythm transcription factor 
CLOCK regulates the transcriptional activity of the glucocorticoid receptor by 
acetylating its hinge region lysine cluster: potential physiological implications, pp. 
1572. FASEB. 
 
Nelson SM, Hajivassiliou CA, Haddock G, Cameron AD, Robertson L, Olver RE & 
Hume R. (2005). Rescue of the hypoplastic lung by prenatal cyclical strain, pp. 200409-
201284OCv200401. Am Thoracic Soc. 
 
Nicolaides NC, Galata Z, Kino T, Chrousos GP & Charmandari E. (2010). The human 
glucocorticoid receptor: molecular basis of biological function, pp. 1-12. Elsevier. 
 
Nielsen S, King LS, Christensen BM & Agre P. (1997). Aquaporins in complex tissues. 
II. Subcellular distribution in respiratory and glandular tissues of rat, pp. C1549. Am 
Physiological Soc. 



 163

 
Normand ICS, Olver RE, Reynolds EOR, Strang LB & Welch K. (1971). Permeability 
of lung capillaries and alveoli to non-electrolytes in the foetal lamb. With an Appendix, 
pp. 303. Physiological Soc. 
 
Oakley RH & Cidlowski JA. (2011). Cellular Processing of the Glucocorticoid Receptor 
Gene and Protein: New Mechanisms for Generating Tissue-specific Actions of 
Glucocorticoids, pp. 3177. ASBMB. 
 
Oatey PB, Venkateswarlu K, Williams AG, Fletcher LM, Foulstone EJ, Cullen PJ & 
Tavaré JM. (1999). Confocal imaging of the subcellular distribution of 
phosphatidylinositol 3, 4, 5-trisphosphate in insulin-and PDGF-stimulated 3T3-L1 
adipocytes, pp. 511. Portland Press Ltd. 
 
O'Brodovich H, Canessa C, Ueda J, Rafii B, Rossier BC & Edelson J. (1993). 
Expression of the epithelial Na+ channel in the developing rat lung, pp. C491. Am 
Physiological Soc. 
 
O'Brodovich H, Hannam V, Seear M & Mullen JB. (1990). Amiloride impairs lung 
water clearance in newborn guinea pigs, pp. 1758. Am Physiological Soc. 
 
O'Brodovich HM. (1996). Immature epithelial Na+ channel expression is one of the 
pathogenetic mechanisms leading to human neonatal respiratory distress syndrome, pp. 
345. 
 
Okada T, Sakuma L, Fukui Y, Hazeki O & Ui M. (1994). Blockage of chemotactic 
peptide-induced stimulation of neutrophils by wortmannin as a result of selective 
inhibition of phosphatidylinositol 3-kinase, pp. 3563. ASBMB. 
 
Olver RE, Ramsden CA, Strang LB & Walters DV. (1986). The role of amiloride-
blockable sodium transport in adrenaline-induced lung liquid reabsorption in the fetal 
lamb, pp. 321. Physiological Soc. 
 
Olver RE & Strang LB. (1974). Ion fluxes across the pulmonary epithelium and the 
secretion of lung liquid in the foetal lamb, pp. 327. Physiological Soc. 
 
Orti E, Hu LM & Munck A. (1993). Kinetics of glucocorticoid receptor phosphorylation 
in intact cells. Evidence for hormone-induced hyperphosphorylation after activation and 
recycling of hyperphosphorylated receptors, pp. 7779. ASBMB. 
 
Oshiro N, Takahashi R, Yoshino K, Tanimura K, Nakashima A, Eguchi S, Miyamoto T, 
Hara K, Takehana K & Avruch J. (2007). The proline-rich Akt substrate of 40 kDa 
(PRAS40) is a physiological substrate of mammalian target of rapamycin complex 1, 
pp. 20329. ASBMB. 
 
Otulakowski G, Duan W, Gandhi S & O'Brodovich H. (2007). Steroid and oxygen 
effects on eIF4F complex, mTOR, and ENaC translation in fetal lung epithelia, pp. 457. 
 



 164

Otulakowski G, Rafii B, Bremner HR & O'Brodovich H. (1999). Structure and hormone 
responsiveness of the gene encoding the alpha-subunit of the rat amiloride-sensitive 
epithelial sodium channel, pp. 1028. 
 
Palmer LG & Frindt G. (1986). Amiloride-sensitive Na channels from the apical 
membrane of the rat cortical collecting tubule, pp. 2767. National Acad Sciences. 
 
Park J, Leong MLL, Buse P, Maiyar AC, Firestone GL & Hemmings BA. (1999). 
Serum and glucocorticoid-inducible kinase (SGK) is a target of the PI 3-kinase-
stimulated signaling pathway, pp. 3024-3033. Nature Publishing Group. 
 
Passero CJ, Mueller GM, Rondon-Berrios H, Tofovic SP, Hughey RP & Kleyman TR. 
(2008). Plasmin activates epithelial Na+ channels by cleaving the subunit, pp. 36586. 
ASBMB. 
 
Perks AM & Cassin S. (1989). The effects of arginine vasopressin and epinephrine on 
lung liquid production in fetal goats, pp. 491. 
 
Pitkanen O, Transwell AK, Downey G & O'Brodovich H. (1996). Increased PO2 alters 
the bioelectric properties of fetal distal lung epithelium, pp. L1060. Am Physiological 
Soc. 
 
Planes C, Escoubet B, Blot-Chabaud M, Friedlander G, Farman N & Clerici C. (1997). 
Hypoxia downregulates expression and activity of epithelial sodium channels in rat 
alveolar epithelial cells, pp. 508. 
 
Planès C, Leyvraz C, Uchida T, Angelova MA, Vuagniaux G, Hummler E, Matthay M, 
Clerici C & Rossier B. (2005). In vitro and in vivo regulation of transepithelial lung 
alveolar sodium transport by serine proteases, pp. L1099. Am Physiological Soc. 
 
Planès C, Randrianarison NH, Charles RP, Frateschi S, Cluzeaud F, Vuagniaux G, Soler 
P, Clerici C, Rossier BC & Hummler E. (2009). ENaC mediated alveolar fluid clearance 
and lung fluid balance depend on the channel activating protease 1, pp. 26-37. Wiley 
Online Library. 
 
Pochynyuk O, Tong Q, Medina J, Vandewalle A, Staruschenko A, Bugaj V & Stockand 
JD. (2007). Molecular determinants of PI (4, 5) P2 and PI (3, 4, 5) P3 regulation of the 
epithelial Na+ channel, pp. 399. Rockefeller Univ Press. 
 
Pratt WB. (1993). The role of heat shock proteins in regulating the function, folding, 
and trafficking of the glucocorticoid receptor, pp. 21455-21455. ASBMB. 
 
Quinton PM. (1979). Composition and control of secretions from tracheal bronchial 
submucosal glands. Nature Publishing Group. 
 
Quinton PM. (1989). Defective epithelial ion transport in cystic fibrosis, pp. 726. Am 
Assoc Clin Chem. 
 



 165

Ramminger SJ, Baines DL, Olver RE & Wilson SM. (2000). The effects of PO2 upon 
transepithelial ion transport in fetal rat distal lung epithelial cells, pp. 539. Physiological 
Soc. 
 
Ramminger SJ, Richard K, Inglis SK, Land SC, Olver RE & Wilson SM. (2004). A 
regulated apical Na+ conductance in dexamethasone-treated H441 airway epithelial 
cells, pp. L411. Am Physiological Soc. 
 
Rauh R, Dinudom A, Fotia AB, Paulides M, Kumar S, Korbmacher C & Cook DI. 
(2006). Stimulation of the epithelial sodium channel (ENaC) by the serum-and 
glucocorticoid-inducible kinase (Sgk) involves the PY motifs of the channel but is 
independent of sodium feedback inhibition, pp. 290-299. Springer. 
 
Rexhepaj R, Artunc F, Grahammer F, Nasir O, Sandu C, Friedrich B, Kuhl D & Lang F. 
(2006). SGK1 is not required for regulation of colonic ENaC activity, pp. 97-105. 
Springer. 
 
Riccardi C. (2010). GILZ (glucocorticoid-induced leucine zipper), a mediator of the 
anti-inflammatory and immunosuppressive activity of glucocorticoids, pp. 53. 
 
Richard K, Ramminger SJ, Inglis SK, Olver RE, Land SC & Wilson SM. (2003). O2 
can raise fetal pneumocyte Na+ conductance without affecting ENaC mRNA 
abundance, pp. 671-676. Elsevier. 
 
Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, Zielenski J, 
Lok S, Plavsic N & Chou JL. (1989). Identification of the cystic fibrosis gene: cloning 
and characterization of complementary DNA, pp. 1066. American Association for the 
Advancement of Science. 
 
Robert-Nicoud M, Flahaut M, Elalouf JM, Nicod M, Salinas M, Bens M, Doucet A, 
Wincker P, Artiguenave F & Horisberger JD. (2001). Transcriptome of a mouse kidney 
cortical collecting duct cell line: effects of aldosterone and vasopressin, pp. 2712. 
National Acad Sciences. 
 
Rogers DF. (2003). The airway goblet cell, pp. 1-6. Elsevier. 
 
Rossier BC. (2003). The epithelial sodium channel (ENaC): new insights into ENaC 
gating, pp. 314-316. Springer. 
 
Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-Bromage H, 
Tempst P & Sabatini DM. (2004). Rictor, a novel binding partner of mTOR, defines a 
rapamycin-insensitive and raptor-independent pathway that regulates the cytoskeleton, 
pp. 1296-1302. Elsevier. 
 
Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, Bagley AF, Markhard AL & 
Sabatini DM. (2006). Prolonged rapamycin treatment inhibits mTORC2 assembly and 
Akt/PKB, pp. 159-168. Elsevier. 
 



 166

Sarbassov DD, Guertin DA, Ali SM & Sabatini DM. (2005). Phosphorylation and 
regulation of Akt/PKB by the rictor-mTOR complex, pp. 1098. American Association 
for the Advancement of Science. 
 
Sayegh R, Auerbach SD, Li X, Loftus RW, Husted RF, Stokes JB & Thomas CP. 
(1999). Glucocorticoid induction of epithelial sodium channel expression in lung and 
renal epithelia occurs via trans-activation of a hormone response element in the 5 -
flanking region of the human epithelial sodium channel subunit gene, pp. 12431. 
ASBMB. 
 
Scheid MP, Marignani PA & Woodgett JR. (2002). Multiple phosphoinositide 3-kinase-
dependent steps in activation of protein kinase B, pp. 6247. Am Soc Microbiol. 
 
Schwiebert EM, Cid-Soto LP, Stafford D, Carter M, Blaisdell CJ, Zeitlin PL, Guggino 
WB & Cutting GR. (1998). Analysis of ClC-2 channels as an alternative pathway for 
chloride conduction in cystic fibrosis airway cells, pp. 3879. National Acad Sciences. 
 
Shen JP & Cotton CU. (2003). Epidermal growth factor inhibits amiloride-sensitive 
sodium absorption in renal collecting duct cells, pp. F57. Am Physiological Soc. 
 
Sherk AB, Frigo DE, Schnackenberg CG, Bray JD, Laping NJ, Trizna W, Hammond M, 
Patterson JR, Thompson SK & Kazmin D. (2008). Development of a small-molecule 
serum-and glucocorticoid-regulated kinase-1 antagonist and its evaluation as a prostate 
cancer therapeutic, pp. 7475. AACR. 
 
Shi H, Asher C, Yung Y, Kligman L, Reuveny E, Seger R & Garty H. (2002). Casein 
kinase 2 specifically binds to and phosphorylates the carboxy termini of ENaC subunits, 
pp. 4551-4558. Wiley Online Library. 
 
Shi PP, Cao XR, Sweezer EM, Kinney TS, Williams NR, Husted RF, Nair R, Weiss 
RM, Williamson RA & Sigmund CD. (2008). Salt-sensitive hypertension and cardiac 
hypertrophy in mice deficient in the ubiquitin ligase Nedd4-2, pp. F462. Am 
Physiological Soc. 
 
Shlyonsky V, Goolaerts A, Van Beneden R & Sariban-Sohraby S. (2005). 
Differentiation of Epithelial Na+ Channel Function, pp. 24181. ASBMB. 
 
Silva P, Stoff J, Field M, Fine L, Forrest JN & Epstein FH. (1977). Mechanism of active 
chloride secretion by shark rectal gland: role of Na-K-ATPase in chloride transport, pp. 
F298. Am Physiological Soc. 
 
Snyder PM, Cheng C, Prince LS, Rogers JC & Welsh MJ. (1998). Electrophysiological 
and biochemical evidence that DEG/ENaC cation channels are composed of nine 
subunits, pp. 681. ASBMB. 
 
Snyder PM, Olson DR, Kabra R, Zhou R & Steines JC. (2004). cAMP and serum and 
glucocorticoid-inducible kinase (SGK) regulate the epithelial Na+ channel through 
convergent phosphorylation of Nedd4-2, pp. 45753. ASBMB. 
 



 167

Snyder PM, Olson DR & Thomas BC. (2002). Serum and glucocorticoid-regulated 
kinase modulates Nedd4-2-mediated inhibition of the epithelial Na+ channel, pp. 5. 
ASBMB. 
 
Soundararajan R, Melters D & Shih I. (2009). Epithelial sodium channel regulated by 
differential composition of a signaling complex, pp. 7804. National Acad Sciences. 
 
Soundararajan R, Wang J, Melters D & Pearce D. (2007). Differential activities of 
glucocorticoid-induced leucine zipper protein isoforms, pp. 36303. ASBMB. 
 
Soundararajan R, Zhang TT, Wang J, Vandewalle A & Pearce D. (2005). A novel role 
for glucocorticoid-induced leucine zipper protein in epithelial sodium channel-mediated 
sodium transport, pp. 39970. ASBMB. 
 
Staruschenko A, Medina JL, Patel P, Shapiro MS, Booth RE & Stockand JD. (2004). 
Fluorescence resonance energy transfer analysis of subunit stoichiometry of the 
epithelial Na+ channel, pp. 27729. ASBMB. 
 
Staruschenko A, Pochynyuk O, Vandewalle A, Bugaj V & Stockand JD. (2007). Acute 
regulation of the epithelial Na+ channel by phosphatidylinositide 3-OH kinase signaling 
in native collecting duct principal cells, pp. 1652. Am Soc Nephrol. 
 
Staub O, Dho S, Henry P, Correa J, Ishikawa T, McGlade J & Rotin D. (1996). WW 
domains of Nedd4 bind to the proline-rich PY motifs in the epithelial Na+ channel 
deleted in Liddle's syndrome, pp. 2371. Nature Publishing Group. 
 
Stone KC, Mercer RR, Gehr P, Stockstill B & Crapo JD. (1992). Allometric 
relationships of cell numbers and size in the mammalian lung, pp. 235. 
 
Sturgess J & Imrie J. (1982). Quantitative evaluation of the development of tracheal 
submucosal glands in infants with cystic fibrosis and control infants, pp. 303. American 
Society for Investigative Pathology. 
 
Terada N, Lucas JJ, Szepesi A, Franklin RA, Takase K & Gelfand EW. (1992). 
Rapamycin inhibits the phosphorylation of p70 S6 kinase in IL-2 and mitogen-activated 
human T cells1, pp. 1315-1321. Elsevier. 
 
Thoreen CC & Sabatini DM. (2009). Rapamycin inhibits mTORC1, but not completely, 
pp. 725. 
 
Tliba O, Cidlowski JA & Amrani Y. (2006). CD38 expression is insensitive to steroid 
action in cells treated with tumor necrosis factor- and interferon- by a mechanism 
involving the up-regulation of the glucocorticoid receptor isoform, pp. 588. ASPET. 
 
Tokuda S, Niisato N, Morisaki S & Marunaka Y. (2002). Calmodulin-dependent 
regulation of hypotonicity-induced translocation of ENaC in renal epithelial A6 cells, 
pp. 619-623. Elsevier. 
 
Trout L, Gatzy JT & Ballard ST. (1998). Acetylcholine-induced liquid secretion by 
bronchial epithelium: role of Cl- and transport, pp. L1095. Am Physiological Soc. 



 168

 
Truss M & Beato M. (1993). Steroid hormone receptors: interaction with 
deoxyribonucleic acid and transcription factors, pp. 459. Endocrine Soc. 
 
Vallet V, Pfister C, Loffing J & Rossier BC. (2002). Cell-surface expression of the 
channel activating protease xCAP-1 is required for activation of ENaC in the Xenopus 
oocyte, pp. 588. Am Soc Nephrol. 
 
Vanderbilt JN, Mager EM, Allen L, Sawa T, Wiener-Kronish J, Gonzalez R & Dobbs 
LG. (2003). CXC chemokines and their receptors are expressed in type II cells and 
upregulated following lung injury, pp. 661-668. American Thoracic Society. 
 
Verghese GM, Tong ZY, Bhagwandin V & Caughey GH. (2004). Mouse prostasin gene 
structure, promoter analysis, and restricted expression in lung and kidney, pp. 519-529. 
American Thoracic Society. 
 
Vivona ML, Matthay M & Blot C. (2001). Hypoxia reduces alveolar epithelial sodium 
and fluid transport in rats: reversal by -adrenergic agonist treatment, pp. 554-561. 
American Thoracic Society. 
 
Vlahos CJ, Matter WF, Hui KY & Brown RF. (1994). A specific inhibitor of 
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one 
(LY294002), pp. 5241. ASBMB. 
 
Vlahos CJ, Matter WF, Hui KY & Brown RF. (1994). A specific inhibitor of 
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one 
(LY294002), pp. 5241. ASBMB. 
 
Voilley N, Lingueglia E, Champigny G, Mattei MG, Waldmann R, Lazdunski M & 
Barbry P. (1994). The lung amiloride-sensitive Na+ channel: biophysical properties, 
pharmacology, ontogenesis, and molecular cloning, pp. 247. National Acad Sciences. 
 
Wallen LD, Perry SF, Alston JT & Maloney JE. (1990). Morphometric study of the role 
of pulmonary arterial flow in fetal lung growth in sheep, pp. 122. 
 
Wallen LD, Perry SF, Alston JT & Maloney JE. (1994). Fetal lung growth. Influence of 
pulmonary arterial flow and surgery in sheep, pp. 1005. Am Thoracic Soc. 
 
Walters DV, Ramsden CA & Olver RE. (1990). Dibutyryl cAMP induces a gestation-
dependent absorption of fetal lung liquid, pp. 2054. Am Physiological Soc. 
 
Wang J, Barbry P, Maiyar AC, Rozansky DJ, Bhargava A, Leong M, Firestone GL & 
Pearce D. (2001). SGK integrates insulin and mineralocorticoid regulation of epithelial 
sodium transport, pp. F303. Am Physiological Soc. 
 
Wang L, Harris TE, Roth RA & Lawrence JC. (2007). PRAS40 regulates mTORC1 
kinase activity by functioning as a direct inhibitor of substrate binding, pp. 20036. 
ASBMB. 
 



 169

Webster MK, Goya L, Ge Y, Maiyar AC & Firestone GL. (1993). Characterization of 
sgk, a novel member of the serine/threonine protein kinase gene family which is 
transcriptionally induced by glucocorticoids and serum, pp. 2031. Am Soc Microbiol. 
 
Wiemuth D, Lott JS, Ly K, Ke Y, Teesdale-Spittle P, Snyder PM & McDonald FJ. 
(2010). Interaction of Serum-and Glucocorticoid Regulated Kinase 1 (SGK1) with the 
WW-Domains of Nedd4-2 Is Required for Epithelial Sodium Channel Regulation, pp. 
e12163. Public Library of Science. 
 
Wigglesworth JS & Desai R. (1979). Effects on lung growth of cervical cord section in 
the rabbit fetus, pp. 51-65. Elsevier. 
 
Wodopia R, Ko HS, Billian J, Wiesner R, Bärtsch P & Mairbäurl H. (2000). Hypoxia 
decreases proteins involved in epithelial electrolyte transport in A549 cells and rat lung, 
pp. L1110. Am Physiological Soc. 
 
Woo SY, Kim DH, Jun CB, Kim YM, Haar EV, Lee S, Hegg JW, Bandhakavi S, 
Griffin TJ & Kim DH. (2007). PRR5, a novel component of mTOR complex 2, 
regulates platelet-derived growth factor receptor expression and signaling, pp. 25604. 
ASBMB. 
 
Wulff P, Vallon V, Huang DY, Volkl H, Yu F, Richter K, Jansen M, Schlunz M, 
Klingel K & Loffing J. (2002). Impaired renal Na retention in the sgk1-knockout 
mouse, pp. 1263-1268. Am Soc Clin Investig. 
 
Wymann MP, Bulgarelli-Leva G, Zvelebil MJ, Pirola L, Vanhaesebroeck B, Waterfield 
MD & Panayotou G. (1996). Wortmannin inactivates phosphoinositide 3-kinase by 
covalent modification of Lys-802, a residue involved in the phosphate transfer reaction, 
pp. 1722. Am Soc Microbiol. 
 
Yamaya M, Sekizawa K, Kakuta Y, Ohrui T, Sawai T & Sasaki H. (1996). P2u-
purinoceptor regulation of chloride secretion in cultured human tracheal submucosal 
glands, pp. L979. Am Physiological Soc. 
 
Yang C, Watson RT, Elmendorf JS, Sacks DB & Pessin JE. (2000). Calmodulin 
antagonists inhibit insulin-stimulated GLUT4 (glucose transporter 4) translocation by 
preventing the formation of phosphatidylinositol 3, 4, 5-trisphosphate in 3T3L1 
adipocytes, pp. 317. Endocrine Soc. 
 
Yang J, Cron P, Thompson V, Good VM, Hess D, Hemmings BA & Barford D. (2002). 
Molecular mechanism for the regulation of protein kinase B/Akt by hydrophobic motif 
phosphorylation, pp. 1227-1240. Elsevier. 
 
Yang LM, Rinke R & Korbmacher C. (2006). Stimulation of the epithelial sodium 
channel (ENaC) by cAMP involves putative ERK phosphorylation sites in the C termini 
of the channel's -and -subunit, pp. 9859. ASBMB. 
 
Yang Y, Zhang Z, Mukherjee AB & Linnoila RI. (2004). Increased susceptibility of 
mice lacking Clara cell 10-kDa protein to lung tumorigenesis by 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone, a potent carcinogen in cigarette smoke, pp. 29336. ASBMB. 



 170

 
Yeh TF, Lin YJ, Lin HC, Huang CC, Hsieh WS, Lin CH & Tsai CH. (2004). Outcomes 
at school age after postnatal dexamethasone therapy for lung disease of prematurity, pp. 
1304-1313. N Engl J Med. 
 
Yue G, Russell WJ, Benos DJ, Jackson RM, Olman MA & Matalon S. (1995). 
Increased expression and activity of sodium channels in alveolar type II cells of 
hyperoxic rats, pp. 8418. National Acad Sciences. 
 
Zecca E, Papacci P, Maggio L, Gallini F, Elia S, De Rosa G & Romagnoli C. (2001). 
Cardiac adverse effects of early dexamethasone treatment in preterm infants: a 
randomized clinical trial, pp. 1075. SAGE Publications. 
 
Zhang W, Xia X, Reisenauer MR, Rieg T, Lang F, Kuhl D, Vallon V & Kone BC. 
(2007). Aldosterone-induced Sgk1 relieves Dot1a-Af9–mediated transcriptional 
repression of epithelial Na channel, pp. 773-783. Am Soc Clin Investig. 
 
Zhou R & Snyder PM. (2005). Nedd4-2 phosphorylation induces serum and 
glucocorticoid-regulated kinase (SGK) ubiquitination and degradation, pp. 4518. 
ASBMB. 


