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Summary. 

 

Investigation of ion channel activity in alveolar epithelial cells. The 

development of an in-vitro lung slice model. 

 

The alveolar epithelium maintains lung fluid homeostasis by active ion transport. The molecular 

machinery required to create an osmotic gradient across the alveolar epithelium, which in turn 

moves water out of the airspaces, has been identified by number of experimental techniques. 

The alveolar epithelium, which covers 95% of the surface area of the lung, is composed of two 

morphologically distinct epithelial cell types: alveolar epithelial type one and alveolar epithelial 

type two cells. The much studied alveolar epithelial type two cell, which cover <5% of the 

surface, contain the myriad of ion channel and transports required to undertake fluid transport. 

The alveolar epithelial type one cell, which covers >95% of the surface area, is less well 

characterised. Direct functional electrophysiological measurements from the alveolar epithelial 

type one cell has proved difficult to obtain.  

 

In order to obtain novel recordings the unfilled lung slice experimental model was developed. 

This experimental model demonstrated excellent cellular viability. VIIIB2 mouse monoclonal 

antibody, a specific cell marker for alveolar epithelial type one cells, was used to obtain live cell 

immunohistochemistry, the first such reported in peripheral tissue. The results presented in this 

thesis represent the first published ion channel recordings from identified alveolar epithelial type 

one cells within a rat lung slice (Bourke, S. et al 2005). Cell-attached, patch-clamp recordings 

demonstrated the presence of a voltage-dependant, K
+
 selective ion channel with a measured 

unitary conductance of 21 pS. The findings contained within this thesis present a novel 

experimental technique to investigate the functional physiological role of the alveolar epithelial 

cells.  

 

The alveolar epithelium is reliant upon Ca
2+

 signalling mechanisms to undertake a number of 

normal physiological activities. The release of surfactant from the alveolar epithelial type two cell 

lamellar bodies relies on a Ca
2+

 dependant exocytosis step. To investigate further the function of 

Ca
2+

 in the alveolar cells, experiments were undertaken using Ca
2+

 fluorescent indicator dye 

Fluo-3. Slices demonstrated spontaneous Ca
2+

 oscillations. Application of a number of 

physiological and pharmacological substances failed to modulate the observed activity.  
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1.1 Respiratory anatomy and physiology. 

 

The lung is designed to undertake gas exchange. This is accomplished by the 

passive movement of oxygen (O2) from inspired air across the alveolar 

epithelial layer to the capillary bed and the movement of carbon dioxide (CO2) 

contained within the venous blood in the reverse direction (Berne. and Levy 

1998; Tortora and Graaboski 1996; West 2000). Cells are continually using O2 

for metabolic reactions and the waste product CO2 is produced, which if 

retained would create an acidic environment that would prove toxic to cellular 

homeostasis. Thus, appropriate gas exchange is essential to maintain cellular 

homeostasis. Of crucial importance is the ability of the respiratory system to 

match the distribution of inspired air with pulmonary blood flow, in order to 

provide the necessary supply of O2 and remove CO2. The unique design of 

the lung facilitates biological optimisation of exchange of O2 and CO2 between 

the alveolar air and the pulmonary capillary blood supply. This is carried out 

very efficiently with a minimum of physiological energy expenditure. CO2 and 

O2 move between air and blood by simple diffusion (Krogh 1919). The 

diffusion is assisted by the partial pressure differences created within the gas 

exchange area of the lung, the “respiratory zone”. The areas of high partial 

pressure of O2, the alveoli, allows the movement of gas to an area of lower 

partial pressure of O2, the capillary bed. The measured partial pressure of O2 

alveolar gas is ~100mm Hg while at the pulmonary capillary level the value is 

~40mm Hg thus creating the required pressure gradient to allow the energy 

efficient movement of O2 (West 2000). 

 

To provide the most efficient method of diffusion, physiology subscribes to 

Flick’s law of diffusion as closely as possible. The law states that, “The rate of 

transfer of a gas through a sheet of tissue is proportional to the area of the 

tissue and to the difference in gas partial pressure between the two sides, and 

is inversely proportional to the tissue thickness”. The adult human lung has a 

surface area of between 100-150m2 (about the size of a tennis court, Crapo et 

al. 1983) and the blood/gas barrier is extremely thin, being only 0.2-0.3 m 

across the majority of the alveolar epithelial layer (Bastacky et al. 1995). The 
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vast surface area is created by wrapping a large number of capillaries around 

an enormous number of small air sacs, or alveoli.  

 

The structure of the respiratory system can be separated into the upper and 

lower regions. The upper region contains the nose, pharynx, and associated 

structures. The lower region comprises of the larynx, trachea, bronchi, and 

alveoli. The airways of the respiratory system consist of a series of branching 

tubes which become narrower and more numerous as they penetrate deeper 

into the lung. The larynx is more commonly know as the voice box and is 

superior to the trachea. Its key function is to aid in the production of sound via 

the vibrations of the vocal cords. The epiglottis is located at the larynx and is 

crucial in preventing any large foreign substances reaching the lower 

respiratory regions (Berne and Levy 1998; Tortora and Graaboski. 1996). 

 

The trachea or “windpipe” is a tubular passageway, in a human it is about 12 

cm in length and 2.5cm in diameter. It is located anterior to the oesophagus 

and extends from the larynx to the superior border of the fifth thoracic 

vertebra, where is divides into right and left primary bronchi (Lumb 2005). The 

trachea has a number of layers of differing cells. The main body of the cell 

layer which is surface is exposed to the external environment is call the 

epithelium. One of the key functions of the trachea and terminal bronchioles is 

to remove any foreign bodies that may be inhaled into the lower respiratory 

region during inhalation. The mucosa of the trachea consists of 

pseudostratified ciliated columnar epithelium and this is in contact with the 

lumen of the airway and is involved in a protective role in conjunction with the 

nasal cavity and the larynx. 

 

At the fifth thoracic vertebra, the trachea divides into the right and left primary 

bronchus (Lumb 2005; Tortora and Graaboski. 1996). The division of the 

airway continues and produces the respiratory airways. This branching is 

critical as it produces the vast surface area of the lung. After numerous 

divisions the combined structure is given the title of the “bronchiole tree”. 
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Figure 1.1 Cartoon representation of the gross anatomy of the lung.  

 

This image shows the gross anatomy of the lung from the trachea to the small 

bronchi. The illustration of the bronchiolar branching is shown in the top left; 

the different bronchiolar regions are color-coded. This image demonstrates 

the lower portion of the respirator region of the lung and shows clearly the 

trachea, branching into the right and left lobes and continuing to the bronchi.  

Taken from Principles of Anatomy and Physiology, 8th Revised Edition. (1996) 

Tortora GJ, Graaboski S.  John Wiley & Sons Inc.  
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Figure 1.2 Diagrammatic presentation of single alveoli.  

 

This diagram presents a transverse section of an intact alveolus, diagram a. It 

shows the cellular composition of the alveolar epithelium. Illustrated are 

alveolar epithelial type one cells, alveolar epithelial type two cells, alveolar 

macrophages, and pulmonary capillaries. The insert (panel b) details the role 

of the alveolar epithelium in gas exchange and outlines the layers of the 

respiratory membrane. Taken from Principles of Anatomy and Physiology, 8th 

Revised Edition. (1996) Tortora GJ, Graaboski S.  John Wiley & Sons Inc.  

 

 

 



 18 

In the human lung the primary bronchi divide to form smaller bronchi the 

secondary (lobar) bronchi, one for each lobe of the lung. Within the adult 

human lung there are three lobes contained in the right lung and two 

contained in the left lung. The branching of the secondary bronchi continues to 

still smaller branches, called the tertiary (segmental) bronchi, which divide 

further to create the bronchioles. The final part is the branching of the 

bronchioles into the terminal bronchioles. The terminal bronchioles are the 

smallest airway, which have no alveoli. Collectively, these airway regions are 

defined as the anatomical dead space, which has a volume of ~150ml. All 

these bronchi go to make up the conduction airway; the function of the 

conducting airway is to facilitate the transport of inspired air to the gas 

exchange regions of the lung (Berne and Levy 1998; Tortora and Graaboski 

1996; West 2000, Lumb 2005).  

 

The respiratory zone (transitional and respiratory zones) has a number of 

anatomically distinct areas. There are the respiratory bronchioles, so called as 

they have an intermittent alveoli budding from their walls, the alveolar ducts 

which are completely lined with alveoli. From the trachea to the alveolar ducts 

there is somewhere in the region of 25 orders of branching (West 2000). 

Around the circumference of the alveolar ducts are the numerous alveoli and 

alveolar sacs. An alveolus is the single terminal region of the lower respiratory 

region while an alveolar sac is defined as two or more alveoli sharing a 

common opening. This project has been focused on the alveolar region and 

principally on furthering our understanding of the molecular make up of the 

alveolar epithelial cells.  

 

Research undertaken by the Danish physiologist August Krogh in the period 

from 1910 to 1920 (for review see Schmidt-Nielsen 1995) resulted in the 

understanding that respiratory gas exchange took place by simple diffusion 

across the alveolar epithelia and capillary bed. Krogh was awarded the Noble 

Prize for Medicine or Physiology in 1920 for these landmark discoveries. In 

order to maintain optimised gas exchange the lumen must maintain an 

extremely thin layer of liquid (Walters 2002). To sustain lung liquid 

homeostasis it is essential that the there are methods for the removal of 



 19 

excess fluid from the lung. One of the key functions of the alveolar epithelial is 

to maintain lung liquid homeostasis. An entire field of research is devoted to 

the investigation of fluid homeostasis in healthy and diseased lungs.  

 

1.2. Epithelial tissue morphology and physiological roles. 

 

The epithelial tissue is divided into two distinct types: A) glandular and B) 

lining. The glandular epithelium comprises the secreting portion of glands, 

such as sweat glands and the thyroid gland. The lining epithelium forms the 

superficial layer of skin and some internal organs (Alberts et al. 2002). Lining 

epithelial also forms the inner lining of ducts, body cavities, and interiors of the 

respiratory, digestive, urinary, and reproductive systems. There are a number 

of general features that are associated with epithelial tissue. The epithelium 

consists largely of closely packed cells with little extracellular material 

between adjacent cells (Alberts et al. 2002). The epithelium is arranged in a 

continuous sheet, and is made of either single or multiple layers. The epithelial 

cells have an apical surface, this can be exposed to the exterior of the body, 

lining of an internal organ, or exposed to a body cavity. The epithelium also 

has a basal surface, which is attached to the basement membrane. Cell 

junctions are numerous and provide secure attachment between the cells of 

the epithelial sheet and excellent communication between cells (Koval 2002). 

Epithelia are not directly supplied by the vascular system; the bordering 

connective tissue blood vessels supply the required nutrients and remove the 

waste products of the epithelium. Epithelia need to be regenerated on a 

regular basis and they demonstrate a high mitotic rate (Fehrenbach 2001). 

The functions of epithelia are wide and varied comprising of protection, 

filtration, lubrication, secretion, digestion, absorption, transportation, excretion, 

sensory reception, and reproduction. 

 

The arrangement of the cells within the lining epithelia is dependant upon their 

function, either single or multiple cell layers. The layers are classified as 

follows: A) simple epithelium; B) stratified epithelium and C) pseudostratified 

epithelium. The epithelial cells are then further demarcated according to their 

shape, of which there are four basic types: A) squamos; B) cuboidal; C) 
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columnar and D) transitional. Squamos are the flat cell type, with large surface 

area and thin in nature. They are designed for rapid movement of substances. 

These cells attach to each other in a tile-like fashion. Cuboidal cells are cube 

or hexagon in shape. Their functions are two-fold: active physiological 

secretion and active physiological absorption of fluid and solutes. Columnar 

cells are tall and cylindrical and, in certain organs, form cilia and perform 

specialised secretion and absorption. The transitional cells which have the 

ability to change shape from flat to columnar due to distention, expansion, or 

movement. 

 

1.3 Epithelial transport.  

 

Epithelial transport involves the controlled directional movement of solutes, 

ions and water across the walls of the alimentary, renal, respiratory and 

reproductive systems. The volume of liquid transported on a daily basis is 

impressive with ~180 litres of liquid absorbed across the human proximal renal 

tubule each day (Spring 1999). A volume of ~0.01ml.kg-1.h-1 was reported as 

the measured balance rate of fluid secretion and absorption in steady state 

within the pleural spaces of the human lung (Wiener-Kronish et al. 1984). The 

importance of these processes to the normal physiological function of these 

organ systems is reflected by the pathophysiological symptoms, which 

manifest themselves when the regulation of the transport mechanisms 

regulation breaks down. Loss of normal epithelial function in the lung, can lead 

to pulmonary edema which if untreated will result in alveolar flooding, inability 

to undertake suitable gas exchange and ultimately death (O’Brodovich 2001). 

Despite the vast number of transport functions that are undertaken by these 

systems, it appears that all operate on a relatively small number of general 

principals. Epithelial cells contain different transport and ion channels in the 

plasma membranes that face opposite side of the tissue. The two classical 

models of epithelial transport the ”tight” and “leaky” models of epithelia 

transport via the transcellular or paracellular pathway. These different 

transport mechanisms serve a number of physiological functions.  
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“Tight” epithelial transport is based upon observations made in frog skin, and 

is generally referred to as the Koefoed-Johnson and Ussing model or the two-

membrane model of Na+ epithelial transport (Koefoed-Johnson and Ussing 

1958). The development of this model benefited greatly by the use of 

radioactive isotopic tracers for example Na+, K+ and Cl. The precise measure 

and direction of flow of ionic fluxes can be determined using this experimental 

technique. Combined with implementation of the short-circuit measurement 

techniques and the design of the “Ussing” chamber allowing the recording of 

changes in current, voltage and transepitheilal resistance across the epithelial 

tissue membrane. The result observed due to changes in the ionic gradients 

at the apical and basolateral membranes was to prove critical in the 

conception of the model. The 1958 paper is now recognised as a landmark 

paper in the epithelial transport physiology.  

 

Koefoed-Johnson and Ussing demonstrated upon application of 10M CuSO4 

to the outer membrane a decrease in Cl- permeability was observed. The 

decrease in permeability was measured by using the 36Cl isotopes. The 

transepithelial potential was measured in the presence of Cu2+ while the K+ 

concentration on the inside of the membrane was increased from 2 to 80mM. 

The measured potential across the membrane fell in proportion to log [K+]. In 

order to minimize the shunt pathway Cl was replaced by the less permeable 

SO4
2- and again measured when concentration of NaCl at the outer solution 

was reduced. The final experiment undertaken was to measure the 

transepitheilal potential while the Na+ concentration of the outer solution was 

reduced from 100mM and replaced K+. An increase in the concentration of 

Na+ resulted in an increase in the measured voltage. These results 

demonstrated in the absent of shunt, the electrical properties of the two 

membrane become independent (see figure 1.3).  

 

The voltages of the two membranes add as if in series to generate the 

transepithelial voltage. The key aspect of this model and the conclusions 

drawn from the results present in the Koefoed-Johnson and Ussing paper is 

idea that the apical and basolateral membrane have different ion selectivity. 
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The outer or apical, membrane demonstrated selectivity for Na+ while the 

inner or basolateral, membrane is selective for K+. Although frog skin is 

composed of numerous cell layers, the concept is simplified and understood 

using the two plasma membranes separated by the epithelial intracellular 

environment model. The active transport step must be at the basolateral 

membrane to avoid being shunted by the high Na+ permeability of the outer 

membrane. The model takes consideration for the low Na+ concentration 

required at the cytoplasm of the cell and the pump will maintain this low 

concentration. The identification Na+, K+-ATPase further strengthened the 

acceptance of the model (Skou 1957), however it was not mentioned in the 

Koefoed-Johnson and Ussing paper directly the idea of active transport was 

key. 

 

The Na+ pump (Na+/K+-ATPase) positioned at the basolateral membrane of 

the apical membrane exchanges the cellular Na+ for the interstitial K+, with a 

stoichiometry of 3:2 and at the cost of metabolic energy (Skou and Esmann 

1992). This active pumping results in the generation of a transepithelial 

gradient for Na+. The use of selective inhibitors confirmed this basic model. 

Thus, apical applications of the Na+ channel blocker, amiloride (Palmer 1984), 

or basolateral application of the Na+/K+-ATPase inhibitor, ouabain (Mills et al 

1977), both resulted in disruption of the short circuit across the epithelium. 
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Figure 1.3 Koefoed-Johnson and Ussing two-membrane model. 

 

Na+ enters the cell by electrodiffusive mechanism through the apical cell 

membrane and is pumped out of the cell at the basolateral membrane via the 

Na+ K+-ATPase pump. The K+ that enters the cell via the Na+ K+-ATPase 

pump leaves through an electrodiffusive mechanism through the inner cell 

membrane. The high concentration Na+ and low K+ out side the cell and low 

concentration of Na+ and high K+ of the cytoplasm is maintained. (Modified 

from Koefoed-Johnson and Ussing 1958)  
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More than a decade after the introduction of a model to explain solute 

transport across tight epithelia, Frömter proposed a refined model to explain 

the transport of solutes and water across ‘leaky’ epithelia such as the gall 

bladder and renal proximal tubule (Frömter, 1972). These leaky epithelia 

transport Na+ vigorously however no large transepithelial voltage is recorded 

when compared to the ion-transport across frog skin. As in the Koefford-

Johnson and Ussing model, this had the absolute requirement for epithelial 

polarity conferred by close cell-to-cell contact by tight junctions (Balda and 

Matter 2008). However, it relied on the idea that these tight junctions were, in 

fact, selectively permeable to certain ions and water. Frömter demonstrated 

directly the presence of paracellular transport (movement between the 

epithelial cells through these tight junctions) in an intact epithelial preparation 

of Necturus gall bladder. The Na+ exchange in a leaky epithelium is an 

electroneurtal process with one Na+ exchanged for one H+ ion (Murer et al. 

1976). There noticeable quantitative difference between tight and leaky 

epithelium. With leaky epithelium demonstrating much larger conductance to 

that observed in the tight epithelium (Frömter and Diamond 1972). The 

concept of the two-membrane model is still observed with passive forces 

driving the Na+ entry, however Na+ is linked to pH differences across the 

apical membrane. The role of the Na+/K+-ATPase is maintained at the 

basolateral membrane keeping a low Na+ concentration inside the cell. Hence 

the distinction was made between tight and leaky epithelia (Frömter and 

Diamond 1972).  

 

The movement of ions, water and solutes through the tight junctions is critical 

to leaky epithelial function (Spring 1983; Diamond 1979). The research into 

the proteins involved in tight junctions formation and regulation has advanced 

greatly and helped in gaining a deeper understanding of how these proteins 

are regulated in both healthy and diseased states (Rajasekaran et al. 2008; 

Flynn et al. 2008; Shin et al. 2006, Tsukita et al. 2001). The tight junctions 

within epithelia are formed from the protein family called the claudins (Tsukita 

and Furuse M 2000). The tight junctions are responsible for the formation of 

both the “tight” and “leaky” junctions described throughout the literature. There 

is a large family of claudins, 23 have been identified and other proteins such 
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as occluding, tricellulin-alpha, ZO1, ZO2 and ZO3 are involved in tight junction 

structure (Martin-Padura et al. 1998; Langbein et al. 2002; Morita et al. 2004; 

Schlüter 2007). Structurally the claudins are formed of transmembrane 

proteins that span the lipid bi-layer four times, contain two extracellular loop 

domains, and have an N and C termini oriented towards the cytoplasm (Van 

Itallie and Anderson 2006). Within lung tissue, claudin-1, -3-, 4, -5, -7, -8, -18 

expression has been confirmed (Daugherty et al. 2004; Kaarteenaho-Wiik and 

Soini 2008). Each of the claudins expressed in the lung have been identified 

at the alveolar epithelium. There is, however, a cell specific expression profile, 

with alveolar epithelial type one cells demonstrating increased claudin-4, -7, 

and –8 and the alveolar epithelial type two cells showing increased levels of 

claudin-1, -3, and –18. The claudins provide a barrier to the flow of fluid 

through the epithelium by producing selectively permeable paracellular 

channels (Eaton et al. 2008).  

 

As with many protein families, the expression profile is crucial, i.e. which 

members are expressed together, and claudins are no different. In the lung, it 

has been shown that an increase in caludin-5 at the alveolar epithelium effects 

barrier function (Coyne et al 2003). However, the expression of caludin-5 is 

essential for creating a normal epithelial barrier function (Nitta et al. 2003). 

The function and mechanism of the claudin protein family in paracellular 

channel formation and regulation is complex. The manipulation of claudin 

expression has allowed the investigation of their effect on epithelial tight 

junction permeability and selectivity (Van Itallie and Andersonn 2006). The 

differences in expression profiles of the claudins between alveolar epithelial 

type one and alveolar epithelial type two cells would suggest that the ion flux 

across the epithelium will depend upon which cells are in contact with each 

other (Wang et al. 2003). 

  

1.4 Alveolar epithelium. 

 

The mammalian lung comprises of more than 40 different cell types (Weibel 

and Taylor 1988, Bastacky et al 1995). The epithelial covering layer at the end 

point of the respiratory system is termed the alveolar epithelium. Within the 
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lung, the physiological functions of the alveolar epithelium are to maintain lung 

liquid fluid homeostasis, assist in gas exchange and defend against inhaled 

particles by creating a physical barrier. The alveolar epithelium comprises 

99% of the surface area of the lung (Crapo et al. 1983). The alveolar 

epithelium comprises of two morphologically distinct epithelial cell types, the 

alveolar epithelial type one cells and alveolar epithelial type two cells. The 

alveolar epithelium is in a unique position as it is in direct contact the external 

gaseous and internal cellular environments. The physiological stresses 

encountered by the epithelial begin at birth (Olver et al. 2004; Wilson. et al. 

2007) and continue each and every day of adult life (Dobbs and Johnson 

2007). The lung is unique as the patterns and mechanisms of ion and fluid 

transport change from development and as it matures. 

 

1.5 Vectorial transport across the alveolar epithelium.  

 

The route of liquid flow into the alveolus differs according to the physiological 

situation. Under adult normal physiological circumstances the majority of the 

flow across the alveolar epithelium is directed via the transcellular pathway 

(Eaton et al. 2008). The basic fluid balance is driven by osmotic gradients 

created by active solute transport (Diamond 1979). Within the alveolar 

epithelium the osmotic gradients are created by vectorial transport. Vectorial 

transport is made possible by the non-uniform distribution of transport proteins 

in the plasma membranes of two faces of the epithelium (Whittham and Ager 

1964). The lung is under constant liquid challenge during fetal development, at 

birth and to the final day of life in health and especially in disease (Wilson et al 

2007; Dobbs and Johnson 2007). The passive movement of fluid into the 

alveolar space is driven by hydrostatic pressure from the pulmonary capillaries 

across the airway epithelium. This is a constant figure (~15mmHg) under 

normal physiological circumstances and the epithelial permeability also 

remains constant. Therefore, it is absolutely essential that lung fluid 

homeostasis be carefully regulated to prevent the lung filling with liquid.   

 

The classic experiment undertaken by Colin (1873) in the nineteenth century 

showed that a horse could effectively remove 25 litres of saline infused 
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directly into the lung luminal space over a 6-hour period (Colin 1873). This 

study elegantly demonstrated the ability of the lung to remove liquid from the 

lumen across the alveolar epithelium and into the interstitium, pulmonary 

vasculature and lymphatic system. The lung must maintain and balance the 

osmotic gradient, which is required to move fluid into, and out, of the lumen 

across the alveolar epithelium. The presence of the basolateral Na+K+-

ATPase (Borok et al 1998; Schneeberger and McCarthy 1986) creates and 

drives a transepithelial Na+ gradient. In the postnatal alveolar epithelium, the 

presence of ENaC on the apical membranes of both alveolar epithelial type 

one type two cells, allows apical Na+ entry. Although it remains unclear if 

active Na+ transport is essential in maintaining a fluid free air space in the 

normal lung it has been demonstrated that Na+ transport limits the degree of 

alveolar flooding during pathological conditions (O’Brodovish et al. 2001). 

Indeed, animal studies have demonstrated that transepithelial Na+ transport 

can be inhibited by the presence of both ouabain (Olver and Robinson 1986; 

Olivera et al 1994) and amiloride (Olver and Robinson 1986).  

 

Our understanding of vectorial Na+ transport at the alveolar epithelium has 

been further advanced by examining the electrophysiological properties of the 

alveolar epithelial type two cell population (Dobbs and Johnson et al. 2007 for 

review) and more recently alveolar epithelial type one cell population (Eaton et 

al 2009 for review). It is clear that the alveolar epithelium obeys the 

requirements to produce vectorial transport see figure 1.4 below. The 

particular details of the research outlining the identification and location of the 

ion channels mentioned in figure 1.4 are discussed later in this introduction. 

Isolated alveolar epithelial type two cells will from a tight monolayer under the 

right culture conditions and these have been shown to have tight epithelial 

properties, with overall resistance of ~2kΩcm2, actively absorb Na+ from the 

apical fluid (Kim et al. 2005; Borok et al. 1994; Cheek et al. 1989).  
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Figure 1.4 Vectorial transport across alveolar epithelium. 

 

The top panel is a schematic depiction of transcellular epithelial transport across the alveolar 

epithelium. Top panel demonstrates the cellular layout of the alveolar epithelium. 

Representing transcellular ion transport across both alveolar epithelial type one (yellow) and 

alveolar epithelial type two (gray) cells. This model restricts the flow through tight junctions 

(red) and is considered a ‘tight’ epithelium. The fluid flows down the osmotic gradient created 

by the active solute transport into the interstitial space. Bottom panel is Schematic depiction of 

the channels and transporters involved in alveolar epithelial ion and fluid transport. The 

current paradigm for the vectorial transport of ion across the alveolar epithelium: Na
+
 is 

absorbed from the apical surface both alveolar epithelial type one and alveolar epithelial type 

two cells via the ENaC channels (Orange, highly selective ENaC and light blue, non selective 

ENaC). Electroneutrality is conserved with Cl
-
 movement through the CFTR (Red) in type one 

and type two cells, and/or paracellulary through tight junctions. Na
+
 is transported from the 

basal surface of both cell types into the interstitial space by Na
+
 K

+
-ATPase (Red/Blue). K

+
 is 

transported from both cell populations via apical and basolateral channels (Green). CNG: 

cyclic nucleotide-gated channels (Dark blue) are present in both cell populations at the apical 

membrane. Aquaporin 5 (White) is expressed only in alveolar type one cell apical membrane 

allowing the movement of H2O. The basolateral location of the glucose co-transporter (white) 

and the Na
+
K

+
2Cl

-
 (Red/Blue) combine to create a net ion movement of ions from the apical 

membrane to the interstium and osmotic gradient is created. This in turn directs water in the 

same direction, either through the aquaporin or by diffusion. (Adapted from Johnson et al. 

2002)  
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The application of ouabain to the basolateral side of the isolated cultured 

monolayer resulted in a rapid decrease in short-circuit current however no 

change in the measure transepithelial resistance was observed upon 

application of amiloride to the apical side of the monolayer an immediate 

reduction in short circuit current was observed (Cheek et al 1989). These and 

many other studies have firmly established that the alveolar epithelium is the 

major site of Na+. Fluid absorption in the adult lung and both amiloride-

sensitive Na+ channels and ouabain sensitive basolateral Na+ K+-ATPase 

pump are critical components in this molecular mechanism.  

 

The alveolar epithelium also expresses other co-transporters that are vital in 

maintaining the lung fluid homeostasis. The physiological evidence for the 

Na+-glucose co-transporters has been identified at the apical membrane of the 

alveolar epithelium in whole lung studies (Fisher et al. 1980) and isolated 

alveolar epithelial cells (Kemp and Boyd 1992). There is active co-transport of 

glucose and Na+, which results in a liquid absorption. The potential 

mechanism is as follows Na+ enters the apical membrane of the alveolar 

epithelial cells with glucose (Barker et al 1989). The Na+ is pumped out at the 

basolateral membrane via the Na+ K+-ATPase that exchanges K+ for Na+. K+ is 

recycled via K+ channels at the apical and basolateral membranes. Cl- or 

another anion follow Na+ transported to ensure electroneutrality. The Glucose 

is either metabolised or transported out of the cytoplasm via glucose 

transporters.   

 

1.6 Fetal and neonatal lung fluid homeostasis.  

 

It has long been recognised that the foetal lung is a liquid filled organ (Addison 

and How 1913; Potter and Bohlender 1941; Adams et al. 1963; Mossinger et 

al 1990). It was initially believed that the amniotic fluid was responsible for the 

liquid present in the lung prior to birth, however this idea was challenged only 

as recently as the early 1940’s. Potter and Bohlender (1941) observed that 

obstruction placed distal to the congealed airways resulted in the lung filling 

with liquid and drew the conclusion that the lung produced the liquid. Further 

evidence to support this idea was delivered when Jost and Policard (1948), 
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accidental restriction of the trachea. They reported a distension of the lung, 

which filled with liquid. The direct measurement and comparison of amniotic 

fluid and fetal lung both an ionic level and measured proteins confirmed a 

difference in the composition of the two liquids, and confirmed beyond doubt 

the lung could secrete liquid in the neonatal phase (Adams et al. 1963; 

Adamson et al. 1969). 

 

During the fetal period the developing lung is predominately under the 

influence of Cl secretion (for review see Olver et al. 2004, Wilson et al. 2007). 

The secretion of fluid into the lung lumen elegantly demonstrated in 1974 by 

Olver and Strange in their landmark paper. The experimental model chosen 

was foetal lambs of two groups were examined, 16 animals of 123-133 days 

gestation, described as the immature group and 46 animals of 136-144 

gestation, described as the mature group. The use radioactivity labelled ions 

allowed the measures of bidirectional ion fluxes through the alveolar 

epithelium according to the Ussing flux ration equation (Koefoed-Johnson and 

Ussing 1958). In the discussion they drew attention to the most striking result 

in a modest fashion stating, “The high Cl- concentration is probably due to the 

active transport of this ion from plasma and interstitial fluid into the pulmonary 

alveoli against an electrochemical gradient”. This observation lead to a novel 

theory at the time in regards secondary active transport. The active transport 

of Cl- would bring about the passive movement of Na+ as a co-ion. Figure 1.5 

below demonstrates how the model of lung secretion during the foetal period 

operates. It transpires that the observed secretion of Cl into the lung lumen is 

dependent upon basolaterally located Na+/K+/2Cl co-transport system, 

harnesses the Na+ gradient to transport Cl across the basolateral surface. 

The movement of the Cl is electrogenic and produces that electrical driving 

force which moves Na+ passively into the lumen. The movement of Na+ and 

Cl creates an osmotic gradient, which drives water into the lumen. At present 

the actual channel or transporter responsible for the movement of anions at 

the apical membrane has not been identified. The secretion of liquid has a 

very powerful effect in stimulating growth during the period of gestation.   
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Figure 1.5 Fetal lung liquid secretions. 

  

The present model for chloride secretion emphasises the central role of 

basolateral Na+K+-ATPase in maintaining high intracellular K+ and low Na+ 

concentration. Na+ re-enters the cell down its electrochemical gradient via the 

Na/K/2Cl co-transporter on the basolateral membrane. K+ may leave the cell 

through basolateral channels. The high intracellular Cl- concentration and 

negative intracellular membrane potential facilitates the rise in Cl- 

concentration to tally its electrochemical equilibrium. A further rise in 

intracellular Cl- concentration will lead to opening of the apical Cl- channels 

and flow of this anion into the lung lumen. Na+ and water will follow Cl- through 

a paraccellular route. (Adapted from O’Brodovich 1996). 

Outside Cell Inside

Na+

K+

Outer cell
membrane

Inner cell
membrane

K+

Cl-

Cl-

Na+



 32 

The developing lung requires the stretch induced by the influx of fluid into the 

lumen (Olver et al. 2004, Wilson et al. 2007). The interruption of the fluid influx 

can cause a number of developmental respiratory problems, which in turn are 

detrimental to whole body physiology. Two fetal pathological situations, which 

interrupt how the intrapleural pressure is maintained, are diaphragmatic hernia 

and tracheal agenesis. In the case of diaphragmatic hernia, a failure of the 

diaphragm to form correctly causes the internal organs to fill the chest cavity 

and lung development is impaired (de Buys Roessingh and Dinh-xuan 2009). 

In tracheal agenesis, a sealed or malformed trachea and larynx, acts as a 

one-way valve and causes a build up of the luminal lung fluid and disruption to 

normal lung development (Saleeby et al 2003). The result of the occlusion is 

differentiation of pulmonary epithelial cells appeared to be more advanced for 

the gestational age in pulmonary hyperplasia with congenital tracheal 

agenesis. Post delivery, infants who have this pathological defect are 

recognised at term due to the respiratory distress, lack of crying and intubation 

is difficult if not impossible (Spitz 2007).  

 

The period of weeks prior to birth (late gestation period) sees an important 

upregulation of the molecular machinery necessary to allow the fluid filled 

neonatal lung to transform from a liquid filled organ to air filled respiratory 

organ (Olver et al. 1986; O’Brodovich et al. 2001). The process of giving birth 

triggers the actual switch of the alveolar epithelium from active secretion to 

one of fluid absorption (Walters et al. 1990). This rapid removal of liquid that in 

later life would be considered pulmonary edema is an extremely challenging 

event for the neonatal physiology (Berthiaume and Matthay 2007). The large 

release of adrenaline at birth is the molecular switch, which is required to 

transform the lung from a liquid secretion to absorption organ (Walters and 

Olver 1978). The identification of genes for the Na+-K+-ATPase “sodium 

pump” and ENaC have lead to a deeper understanding of the regulation of 

transepithelial ion transport at a molecular level which underlie the 

mechanisms for fluid clearance during the perinatal period.  

 

The clearance of lung fluid after birth is rapid. Fluid clearance was 

demonstrated in rabbit pups and was complete in a 2 h period (Aherne and 
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Dawkins 1964). The vast surge of fetal catecholamine secretion is triggered by 

birth (Lagercrantz and Bistoletti 1977). A critical link between the -adrenergic 

stimulation and lung liquid clearance was made by Walters and Olver in 1978. 

Their experiments on mature fetal lambs demonstrated that when epinephrine 

and isoproterenol were infused directly into the lung they caused rapid 

absorption of lung liquid (Olver and Walters 1978). This response was not 

observed in the presence of norepinephrine. After advanced administration of 

propranolol the absorptive response was inhibited. The majority of the liquid is 

cleared via the pulmonary circulation with lung lymphatic’s contributed only a 

small fraction of the removal (Chapman et al. 1994). The developmental 

period is critical in how lung fluid homeostasis is maintained in the perinatal 

period. This point is clearly demonstrated by the respiratory difficulties, which 

premature babies encounter. They lack the required molecular machinery to 

clear the lung fluid, which will result in neonatal respiratory distress syndrome 

(RDS). This is one of the most common causes of death amongst new born 

and premature infants in the western world as reported by the national heart, 

lung and blood institute (Blaisdell et al. 2008).  

 

The change from a liquid-filled lung to an air-filled lung also presents an 

original environment to the newborn lung. Prior to birth, the lung is maintained 

in hypoxic surroundings and the first breath that a new born takes introduces 

the lung to the air environment. The regulation of ion channels by O2 

particularly hypoxia is well recognised (Kemp and Peers 2007) and there is 

evidence for an increase in , , and,  ENaC mRNA and Na+ transport upon 

stimulation with O2 (Pitkänen et al 1996). An increase in -ENaC promoter 

activity by increasing the PO2 for 24-48 hours has also been demonstrated 

(Baines et al 2001). O2 acts directly upon the Na+K+-ATPase pump 

(Ramminger et al 2000). Hypoxia has the directly opposite effect in that both 

amiloride-sensitive apical Na+ entry and basolateral Na+ extrusion are both 

reduced (Mairbäurl et al 2002).   
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1.7 Postnatal lung fluid homeostasis. 

 

Unlike other epithelial surfaces the lung is unique as the apical surface face 

an air filled region while the basolateral surface is in contact with the internal 

vascular as with all epithelial surfaces. The movement of fluids within 

biological systems is attained by the regulation of the salt and water balance. 

There is now indisputable evidence to support both constitutive and 

stimulated, Na+-driven, active vectorial transport of water from the lung lumen 

to interstitium in neonatal and adult lung (Folkesson et al. 1998; Kemp and 

Olver 1996; Norlin and Folkesson 2001; Eaton et al. 2009). Osmotically driven 

water movement follows the primary active transport of Na+ and secondary 

active transport of Cl. The active transport of ions is followed by the 

movement of water, as there is an osmotic imbalance. It is crucial for gas 

exchange to be completed efficiently and correctly at the alveolar region. To 

aid in this there are a number of mechanisms in place to maintains liquid 

homeostasis. It is essential to maintain a thin liquid layer on the air surface 

side and this is referred to as the hypophase. This was measured at 0.37± 

0.15 ml/kg body weight of sheep (Stephens et al 1996; Walters 2002). The 

hypophase is essential as it acts as a “medium” for the intra-alveolar cells 

such as alveolar macrophages and preserves the alveolar extracellular milieu. 

The ability of the alveolar epithelium to strike such a fine balance between 

allowing the necessary amount of fluid to remain for correct physiological 

function shows the control tight control that the alveolar epithelium maintains. 

The amount of fluid present in the airspace is a balance of the passive 

secreted fluid from the vascular space through the paracellular space and tight 

junctions and the rate at which fluid is actively absorbed.  

 

A change in the way liquid is transported in the adult lung over the neonatal 

and perinatal period has been observed (Junor et al. 1999; Ramsden et al. 

1992, for review Folkesson and Matthay 2006). The massive upregulation of 

ENaC seen in late gestational period required to initiate active Na+ transport to 

allow the change from secretion to absorption is essential. However, there is a 

defined change in the ability of the fetal hormones to affect the adult lung. 
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Junor et al (1999 and 2000) demonstrated elegantly the loss pharmacological 

function of amiloride inhibition in sheep aged 6 months and in comparison 

lambs aged only a few week demonstrated net secretion upon the application 

of amiloride at the lung lumen. 

 

The percentage of fluid movement that can be attributed to one mode of 

transport over another varies across species. 30% of the ability to clear fluid 

from the alveolar space in rat lung is attributed to amiloride sensitive Na+ 

ENaC (Li and Folkesson 2006), with similar percentages observed in sheep 

(Junor et al 1999). Other ion channels present in the lumen of the adult lung 

are the CNG ion channels and demonstrated at a functional level by 

electrophysiology (Kemp et al. 2001; Schwiebert et al. 1997) and by 

immunohistochemistry (Ding et al. 1997). The CNG have not been shown to 

be present in the fetal or neonatal lung, its presence in the adult lung provides 

an alternative mechanism for lung fluid homeostasis. The principal mechanism 

for the control of fluid homeostasis in the adult lung is a matter of debate. A 

key finding by Junior et al (1999), in the presence of both amiloride and di-

chloro-benzamil (CNG-1 blocker) observed a net secretion was observed but 

a full block was not obtained. It is the combination of both mechanisms that 

provides optimal lung fluid homeostasis.   

 

It has become more evident that the alveolar epithelial type one cells have a 

more active role in fluid absorption than was considered in the recent past. 

The molecular proteins required to move fluid in an electroneutral manner are 

present in the alveolar epithelial type one cells. A recent study in isolated 

alveolar epithelial type one cells demonstrated that the amiloride-sensitive rate 

of Na+ uptake exceeds the rate of Na+ influx measured in parallel cultures of 

alveolar epithelial type two cells by 2.5-fold (Johnson et al. 2002). The more 

recently electrophysiological evidence from the alveolar epithelial type one cell 

has demonstrated the presence of ENaC subunits , , , potassium channel, 

CFTR, nonselective cation channel and the presence of basolaterally Na+K+-

ATPase. Relative contributions of each cell type to overall ion transport had 

not been possible until the advent of lung slice in situ measurements. 
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1.8 Alveolar epithelial type one cells. 

 

Alveolar epithelial type one cells are large squamous epithelial cells with a 

diameter of ~50 to 100 m and a volume of ~2000 to 3000 m3 (Crapo et al. 

1983, Stone et al.1992). These cells have a highly flattened cellular structure 

and attenuated cellular extensions. There was a doubt, as recently as, 60 

years ago as to the existence of an alveolar epithelium. It was believed by 

some investigators that the vast capillary bed of the pulmonary system lacked 

an epithelial covering. The existence of the alveolar epithelium was confirmed 

in 1952 by an investigation of the lung at the electron microscope level (Low 

1952). This research showed the existence of both alveolar epithelial type one 

cells and alveolar epithelial type two cells. These populations of cells formed a 

complete epithelial lining of the peripheral lung. 

  

Since the alveolar epithelium covers such a large surface area it is important 

that cell-to-cell communication is maintained for normal function and when 

injury occurs this can be lost. Gap and tight junctions were first identified in the 

lung by electron microscopy (Bartels 1979; Schneeberger et al 1978). Gap 

junctions, a class of membrane channels, are small pores that allow the free 

passage of ions and small molecules between neighbouring cells (Koval 

2002). The presence of the gap junction proteins (connexins) has been 

demonstrated between alveolar type one cells and alveolar type two cells in 

situ (Wang 2003; Isakson et al. 2003; Abraham et al. 1999; Bartels et al 

1980). The expression profile of the connexions has been greatly investigated 

in the isolated alveolar epithelia cell culture and in the in lung tissue sections 

and a complex pattern of expression has been show with at lease six 

connexins (Cxs) present (Cx26, Cx32, Cx37, Cx40, Cx43, and C46 (Abraham 

et al. 1999; Isakson et al. 2001; Abraham et al. 1999; Carson et al 1998). It is 

clear that there is a complex interaction between the two populations of the 

alveolar epithelial cells. It remains to be answered and has been difficult to 

assess if connexins combine to form multimeric complexes (Koval 2002).  
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The expression profile of the connexins in lung sections and heterocellular 

culture of alveolar epithelial cells was investigated by Isakson et al (2003). 

Immunohistochemical treatment of lung sections showed that anti-Cx26 

showed sparse staining throughout the alveolus. Anti-Cx32 and anti-Cx40 

staining was relatively sparse however it was seen to accumulate with alveolar 

epithelial type two cells. Sections treated with Anti-Cx43 showed the strongest 

staining pattern and was seen throughout the alveolus. Anti-Cx46 

demonstrated high immunoreactive staining throughout the alveolus. The 

expression profile in the hetrocellular alveolar cultures was assessed in an 

attempt to draw comparison a between an in vitro expression profile and an in 

vivo expression profile. Anti-Cx26 and anti-Cx32 demonstrated sparse 

staining across the two cell populations. No immunoreactivity was observed 

with Anti-Cx37 in either population. Anti-Cx40 was tightly localised to the 

alveolar type two cells only and no reactivity was seen in the alveolar type one 

cell population. Two Anti-Cx43 antibodies were used and reactivity was seen 

in both cell populations with each antibody. Anti-Cx46 was the most reactive in 

alveolar type one cell population; however, up to 20% of the alveolar type two 

populations demonstrated staining. The results in the heterocellular culture 

when compared with the slice sections demonstrate the heterocellular 

compared favourably as an experimental model to study connexins in vitro 

(Isakson 2003). The physiological effects of stretch and a number of 

pharmacological agents were investigated in the culture. In addition the 

immunohistochemistry was also undertaken. The cultures demonstrated 

propagated communication between the alveolar type one and alveolar type 

two cell populations. Both dye coupling and Ca2+ indicator dye studies 

demonstrated that connexins allow functional and cellular communication 

between alveolar epithelia type one and alveolar epithelial type two-cell 

population in a heterocellular culture.  

 

The tightly coupled nature of the alveolar epithelial membrane proved, until 

very recently, to be a stumbling block in production of primary isolated alveolar 

epithelial type one cell of high purity and cellular viability. Published data from 

primary isolated alveolar epithelial type one cells has been confined to a 
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handful of laboratories (Johnson et al. 2006; Borok et al. 2002; Isakson et al. 

2003). Once the cells have been isolated they appear fragile and are 

susceptible to injury. Their structure takes on a “cloud like” appearance. 

Improvements in the methods used to isolate the alveolar epithelial type one 

cells have been very productive. Chen et al. using a polyclonal antibody raised 

against T1 were successful in producing a high yield of alveolar epithelial 

type one cells, a purity of over 90% was reported (Chen et al 2005). T1 was 

the first molecular marker to be cloned and sequenced which is specific to 

alveolar epithelial type one cells (Dobbs et al. 1985), making it a suitable 

candidate for the production of an antibody. Immunohistochemical 

investigations showed the lung as the major expression site for T1 (Griod et 

al 1999). The alveolar epithelial type one cell demonstrated a high level of 

positive signal. The molecular function of T1  has remained quite elusive. 

However, a knockout mouse model (Ramirez et al. 2003) shows significant 

abnormality in the microstructure of the lung with a thickening of the alveolar 

septae. The homozygous KO animals die shortly after birth from respiratory 

failure manifested as an inability to inflate the lung. This finding suggests an 

important functional role for T1 in development of alveoli or alveolar 

structure. It is demonstrated that T1 is upregulated after lung injury (Williams 

2003). T1 has been shown to closely associate with macrophage accession 

(Girod 1999) suggesting that T1 may have a function in accumulation of 

macrophages.  

 

Studies in transgenic mice have begun to define the role of aquaporin (AQP)-

type water channels in water transport in the intact lung (Verkman 1998). The 

AQPs are a family of small (~30-kDa monomer), integral membrane proteins 

and there are at least 11 homologous AQP in mammals, 4 of which are 

expressed in the lung. The cell lipid bilayer and cell membranes are slightly 

permeable to water, a number of theories have been suggested to explain the 

passive movement of water through lipid membranes (Nagle et al. 2008 for 

review). However, the surface area of lipid is it appears the determining factor 

for water permeability (Nagle et al. 2008). The addition of the AQP channels 

has a dramatic effect in increasing the water permeability of membranes. The 
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kidney tubular and alveolar permeability dramatically increases by 5-to-50 fold 

in the presence of AQP water channels (review Borok and Verkman 2002).  

 

An active role for the alveolar epithelial type one cell in vectorial transport in 

the lung is beginning to emerge. Alveolar epithelial type one cells have been 

shown to express the molecular transporters and ion channels, the “molecular 

machinery”, required for fluid transport (Crandall and Matthay 2001). It was 

believed that the alveolar epithelial type one cells were a passive player in 

lung liquid homeostasis. The identification AQP on the apical surface of 

alveolar epithelial type one cell membrane (Dobbs et al. 1998) was important 

in advancing the understanding of how fluid homeostasis is maintained within 

the lung as a whole. AQP-5 has been positively identified in the apical plasma 

membrane of the alveolar epithelial type one cells by immunohistochemistry 

(Borok and Luberman et al 1998). The alveolar epithelial type one cells 

demonstrate the highest water permeability of any measured mammalian cells 

membrane (Dobbs et al. 1998).  

 

Immunohistochemical studies have also shown the presence of sodium 

potassium ATPase pump (Na+K+-ATPase) in the basolateral membrane of 

alveolar epithelial type one cells (Zhang et al. 1997). The movement of liquid 

across the alveolar epithelial membrane relies on the presence of the Na+K+-

ATPase at the basolateral membrane. The active transport of Na+ via the 

ENaC channel combined with the Na+K+-ATPase which pumps three Na+ out 

and introduce two K+ into the cell. This active vectorial Na+ transport is 

electroneutral and produces a transepithelial osmotic gradient. There are a 

number of pathological situations, which see either an increase or decrease in 

expression the Na+K+-ATPase and fluid transport is affected accordingly. A 

down regulation, or decreased function, of Na+K+-ATPase will lead to an 

increase lung oedema. Concurrently the up regulation, or enhanced function, 

of the Na+K+-ATPase leads to increased lung liquid clearance. Na+K+-ATPase 

activity in alveolar epithelial type one isolated cells was inhibited using Rb+, 

Rb+ can be used as a surrogate for K+ uptake. The use of Rb+ was inhibited 

by ouabain (Johnson et al 2006) functionally demonstrating the presence of 

Na+K+-ATPase pump. The expression of all three amiloride-sensitive epithelial 
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sodium channel (ENaC) subunits (, , and ), has also been demonstrated 

from isolated alveolar epithelial type one cells at the mRNA and protein levels 

by northern blot, ISH and immunohistochemically (Borok and Luberman et al 

1998; Johnson et al. 2002).  

 

Electrophysiological evidence from the alveolar epithelial type one cells is a 

recent addition to the literature. The fist study demonstrating 

electrophysiological data from identified alveolar epithelial type one cells in a 

lung slice model is presented in this thesis and has been published by us 

(Bourke et al. 2005). Following this study, there have been three further 

publications that have demonstrated electrophysiological data from alveolar 

epithelia type one cells, all originating from the Eaton laboratory (Johnson et 

al. 2006; Helms et al. 2008; Helms et al. 2006). Results obtained from isolated 

adult rat alveolar epithelial type one cells demonstrated highly selective cation 

and non selective cation channels, cyclic nucleotide-gated cation channels, 

potassium channels, and CFTR channels (Johnson et al 2006). The 

electrophysiological data have been confirmed by other molecular techniques 

by a number of studies (for review Dobbs and Johnson 2007). The ability to 

manipulate the cellular activity of the alveolar epithelial type one cells both 

physiologically and pharmacologically is an important advancement in 

uncovering their function. Subsequent investigations using the lung slice 

model were undertaken and have yielded interesting observations (Helms et 

al. 2006; Helms et al. 2008). They demonstrated the presence of a number of 

functional ion channels in both alveolar epithelial type one and alveolar 

epithelial type two cells from an agarose-filled lung slice model. Recordings 

from alveolar epithelial type one cells demonstrated the presence of ENaC, 

both highly selective and non-selective cation channels and support the 

observations made in the isolated single cell model. The alveolar epithelial 

type two recordings from the slice model demonstrated the presence of ENaC, 

again both the highly selective and non-selective cation channels. The data 

presented further strengthen the hypothesis that alveolar epithelial type one 

cell play an active part in lung fluid homeostasis. 
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P2X receptors are extracellular ATP-gated, calcium permeable, non-selective 

cation channels that are modulated by extracellular Na+, Mg2+, Ca2+, and H+ 

(North 2002). When activated by ATP, the P2X receptors allow the non-

selective movement of cations across the cell membrane, producing an 

increase in intracellular calcium and depolarization of the cell membrane 

(Ralevic. and Burnstock 1998). P2X receptors are expressed throughout the 

body and have been shown to be involved in inflammation and pain, 

neurotransmission, and regulation of endothelial smooth muscle cell 

metabolism (Khakh and North 2006). Studies have identified seven P2X 

receptors (P2X1-7) in mammals, and they form a number of homomeric and 

heteromeric ion channel assemblies (North 2002). Within the lung, P2X 

receptors have been shown to be expressed in a number of lung cell types. 

 

Of particular interest is the demonstration that rat alveolar epithelial type one 

cells express P2X4 and P2X7 ion channels in the apical membrane (Qiao et al. 

2003; Chen et al. 2004). As yet, P2X expression has not been observed in the 

alveolar epithelial type two cells. The precise role of P2X receptors in the 

alveolar epithelial type one cell population has not been explained and is 

plausible that they do not contribute to fluid homeostasis. A number of 

different cellular functions are associated with the P2X receptor (for example, 

differentiation, migration, and proliferation) that could explain their presence in 

the alveolar epithelium. P2X receptors have also demonstrated a close 

relationship between caveolin and the P2X7 at the membrane of the alveolar 

epithelial type one cell. A knockout mouse strain with genetic deletion of 

caveolin-2 demonstrated that P2X7 expression was strongly downregulated in 

alveolar epithelial type one cells (Razani et al. 2002). The high density of 

caveolae with alveolar epithelial type one cells suggest an important 

physiological function (Gumbleton 2001; Park et al 2003) and probing the 

close interaction of caveolin and P2X receptor ion channels may provide some 

answers to their respective physiological function in the alveolar epithelial type 

one cell population. 

 

Cystic fibrosis transmembrane conductance regulator (CFTR) is a membrane 

protein expressed in epithelial tissue. Functionally, it is involved in 
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transepitheilal fluid and ion transport. CFTR acts as a cyclic adenosine 

monophosphate (cAMP)-activated Cl channel. The functional expression of 

CFTR has been demonstrated in cell-attached patch-clamp recordings in 

alveolar epithelial type one cells (Helms et al. 2006). Mutations in the gene 

encoding for CFTR protein cause cystic fibrosis, which exemplify the 

importance of the CFTR in lung liquid homeostasis. In whole isolated lung 

studies imaged alveolar wall liquid (AWL) was blocked by the addition of the 

CFTR by bumetanide (Lindert et al. 2007). CFTR knockout mice were 

investigated and the AWL was not present. Experiments capturing image in 

wild type mice demonstrated that removing the Cl from the circulating solution 

also caused a block of the AWL. They concluded that there was a CFTR-

dependant liquid secretion in alveoli of adult mice.  

 

 K+ channels have also been demonstrated at a functional level in the alveolar 

epithelial type one cell population (Johnson et al. 2006; Bourke. et al. 2005). 

Multiple K+ channels are expressed with almost 40 being recognised across 

the lung tissue (O’Grady and Lee 2003). The function of the K+ channels 

within the alveolar epithelium is not well understood. However, it is postulated 

that one of the main functions is to control membrane potential to maintain the 

electrochemical gradient driving ion and fluid transport. 

 

1.9 Alveolar epithelial type two cells. 

 

The alveolar epithelial type two cells have been extensively studied and have 

earned the title “defender of the alveolus” (Mason and Williams 1977). These 

epithelial cells make up ~60% of the alveolar epithelium by volume however, 

they only constitute ~5% of the entire surface area of the alveolar epithelium 

of the adult lung. The alveolar epithelial type two cells are cuboidal in shape, 

with a measured diameter ~10m and a surface area ~ 450 to 900 m3 

(Crapo 1983). Primary isolations of this cell type can now routinely be 

undertaken with a very high purity can be achieved (Chen et al. 2004). The 

alveolar epithelial type two cells have a very important function in keeping the 

air space open and available for gas exchange, they produce and secrete the 
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lipid rich surfactant. Von Neergaard hypothesized it as early as 1929 that the 

lung contained a surface-active agent. The existence of surfactant was 

confirmed and created a new area of respiratory research was born (Pattle 

1955). Surfactant is composed of 90% lipid and 10% proteins. The surfactants 

four constitute proteins were decided upon to provide a standard identification; 

SP-A, -B, -C, and -D, with agreement being arrived upon at the consensus-

conference in 1988 (Possmayer 1988). The function of surfactant is valuable 

to lung homeostasis and physiology. The main function is to act as the “anti-

glue” to prevent adhesion of surfaces of gas containing organs, such as swim 

bladders and lungs, which might occur during collapse. The increased surface 

tension at the alveoli infers they are more likely to collapse at end-expiration; 

this is a direct result of their size and shape. Surfactant has also been shown 

to contribute to the pH of the alveolar environment (Lubman et al. 1998). 

Another function surfactant is that of host defence, both SP-A and SP-D have 

demonstrated an ability to bind to the surface of certain pathogens. The 

alveolar epithelial type two cells secrete other products involved in host 

defence such as bacteriolytic lysozymes (Katyal et al. 1992; Haller et al. 

1992). 

 

The ENaC channel expression and function in the alveolar epithelial type two 

cell has been demonstrated across the myriad of experimental models and 

techniques (for review Eaton et al. 2009). Absorption of lung fluid from the 

lung is driven by the active absorption of Na+
. However, the identity of the 

proteins responsible remained unknown until the identification of the three 

genes that encode the ENaC subunits , , and  (Canessa et al. 1993). In the 

majority of epithelial tissue the ENaC is formed from three protein subunits: , 

, and ENaC. The differing assembly of these proteins creates ion channels 

with differing regulatory mechanisms and biophysical properties. The ENaC 

channels play and important role in lung fluid sodium transport however this 

was confirmed beyond any doubt with the targeted inactivation of the mouse  

ENaC gene (Hummler et al. 1996). This study demonstrated the functional 

significance of the channel in the neonatal period with the ENaC (/) 
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neonates dying within 40 hours of birth from failure to clear their lungs of 

liquid.  

 

A function of the alveolar epithelial type two cells, which is of significant 

importance, is their role as progenitor cells in alveolar epithelium (Evans et al. 

1975; Lui et al. 2006). The type two alveolar epithelial cells can be considered 

to be the “stem cells” of the alveolar epithelium. The alveolar epithelial 

membrane if damaged needs to undergo repair in order to carry out the 

function of gas exchange and lung fluid homeostasis. In the adult lung the 

repair of the alveolar epithelium is undertaken by post-proliferative alveolar 

epithelial type two cell progeny acquiring alveolar epithelial type one cell 

characteristics and result in a loss of their type two attributes (Evans et al. 

1975). During the period of transition the alveolar epithelial cells go through a 

transition stage and can be considered intermediate cells. There are a number 

of morphological changes seen in this period. These changes can be 

observed under the correct conditions in a tissue culture situation (Jain et al. 

2001). However, in culture, the genetic transformation is not completed in its 

entirety (Gonzalez et al. 2005). This suggested endogenous substances that 

may trigger alveolar epithelial type two cell division are lightly to be FGF-7, 

hepatocyte growth factor (Panos et al. 1993), and HB-EGF (Leslie et al. 

1997).  

 

The lamellar bodies of the alveolar epithelial type two cells have long been 

recognised as the storage compartments for surfactant (Andreeva et al. 2007). 

The lamellar bodies maintain internal acidic pH and this particular 

characteristic allows them to act as markers for alveolar epithelial type two cell 

(Haller et al. 1998; Haller et al 1999). The release of surfactant from the 

lamellar bodies is by exocytosis and can be stimulated by various 

physiological and pharmacological stimuli acting via the -adrenergic 

receptors (epinephrine, terbutaline, isoproterenol), P1-purinoreceptors or P2-

purinoreceptors (for review Bucheimer and Linden 2004). Ventilation and 

increase in pressure have been show to stimulate the release of surfactant 

(Nicholas and Barr 1983; Ashino et al. 2000). Real time imaging of a whole 
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lung experimental model has shown that there is a Ca2+ dependant step in 

release of surfactant upon expansion of the lung (Ashino et al. 2000).  

 

A purinergic component has also been identified within the alveolar epithelial 

type two cell population. The purinoceptors have an important functional role 

in the regulation of fluid transport of epithelial transport (Bucheimer and 

Linden 2004). The purinergic receptors are divided into two subclasses P1 

and P2 receptors. The alveolar epithelial type two cells do not express the 

P2X receptors. Addition of ATP to bath perfusion of isolated alveolar epithelial 

type two cells rat cell model demonstrated the activity of purinergic response 

(Griese et al. 1991). The addition of ATP caused a rapid increase in IP3 levels 

suggesting the release of Ca2+ from IP3 stores. The purinergic receptors have 

also been identified alveolar epithelial type two cells by molecular biological 

techniques (Rice et al. 1995). The A549 cell line, which is derived from lung 

airway epithelium displays properties of alveolar epithelial type two cells, has 

demonstrated the presence of purinergic receptors both at molecular 

(Communi et al. 1999) and functional level (Clunes and Kemp 1996). P2Y 

receptors are expressed on the apical membrane of many epithelial cell 

populations (Pediani et al 1996).  

 

The functional expression of G-coupled prostaglandin receptors (PG) on the 

apical membrane of alveolar epithelial type one cell isolated from late 

gestation guinea pig lung has been demonstrated (Mukhopadhyay et al. 

1998). The binding of PG E2 subtype plays an important role in perinatal lung 

alveolar Na+. The potency of binding of the PG in alveolar epithelial type two 

cells was utilised to classify the receptor type present and is shown to be the 

EP3 subtype. This study was the first to demonstrate the presence of PG 

receptors in the alveolar epithelial type two cell population and they conclude 

an important function for the PG involvement in the G protein-mediated 

upregulation of Na+ transport.  

 

Cl  channels were first identified in the alveolar epithelial type two cells in the 

mid-80’s by single channel patch clamp recordings (Schneider et al. 1985). 



 46 

These channels had a very high measured conductance ~350-400pS and 

were located in the apical membrane. The channel was found to be selective 

for anions relative to Na+ (PNa/PCl =0.015) and demonstrated anion selectivity 

of I> Br 
3
 > Cl  > NO3. A high conductance Cl (375pS) was identified in 

guinea pig alveolar epithelial type two cell (Kemp et al. 1993). The expression 

of a number of K+ channels has been demonstrated also within alveolar 

epithelial cells including Kir channels, Ca2+-activated K+ channels, and Kv 

channels (O’Grady and Lee 1993.). There is still debate as to the functional 

role of these K+ channels within the alveolar epithelium. 

 

The cyclic nucleotide-gated cation channels (CGN) are a family of channels 

that have been quite recently establish. Their discovery came about as a 

direct result of the investigation into the intracellular messenger for retinal 

photoreceptors (Fesenko et al 1985) and as their name suggests they are 

stimulated directly by cyclic nucleotides cAMP and cGMP. CNG channels 

have been identified in a number of organs and species. A number of studies 

have identified nonselective cation channels in the air epithelium (Matalon et 

al. 1992, MacGregor et al. 1994). The CNG 1, has been demonstrated in rat 

lung both histologically (Ding et al. 1997) and electrophysiologically (Kemp et 

al. 2001; Schwiebert et al. 1997). The importance of the CNG channel was 

also demonstrated in a whole animal study (Junor et al. 1999). The role of a 

non-amiloride blockable component was in postnatal lung fluid homeostasis 

was introduced which was a novel observation for this class of ion channel.  

 

1.10 Organ slice models.  

 

The organ slice model provides biomedical research with a valuable tool to 

investigate in vitro cellular communication and interaction within an 

experimental model that is close to in vivo situation. The knowledge gained 

from single isolated cells and molecular biological experimental approaches 

can be tested to ascertain their relevance in an experimental model that 

retains much of the complex biological infrastructure seen in the whole organ. 

It is essential that we confirm and challenge our present understanding of 
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biological systems by using as many viable experimental techniques as 

possible. This in turn will provide a more informed understanding of the 

system as a whole. A number of key factors were considered in choosing the 

slice as an experimental model: the facility to represent the complexity of the 

intact organ; methodology that allowed easier cross-species comparison; the 

potential to use many organs from the same donor; the ease of histological 

evaluation as an alternative to, or as a complement to, biological/physiological 

assays and; the possibility to investigate regional physiology.  

 

Organ slice technology has been providing answers to biological questions 

since the 1920’s (Parrish et al. 1995 for review; Vickers et al 2004). The organ 

slice was developed principally as a tool to understand further the fields of 

pharmacology, toxicology, physiology, organ preservation and metabolism. 

Slices of tissue from brain, kidney, liver, lung, cardiac and smooth muscle, 

lymphatic tissue, placenta, mammary gland, thyroid, and gastrointestinal tract 

from a number of species have provided valuable information of many 

biological systems. In early studies, slices were produced by hand and even 

the most highly skilled operator had difficulties in producing highly 

reproducible organ slices.  

 

The necessity to provide reproducible organ slices has lead to the 

development of a number of specially designed machines, which allow the 

automated production of precision cut tissue slices. There are a number of 

design and engineering aspects that allow the researcher to produce the 

highest quality slices on a routine basis. A fundamental requirement by the 

research community is the ability of the machine to preserve slice viability. It is 

essential that the researcher has the options to sterilise all the key 

components of the slice chamber, to reduce possible routes of infection, 

should the slices be required to be maintained in culture. The researcher 

should be provided with the option to autoclave any of the items that may be 

in contact with the tissue or bath solution, to reduce the possibility of infection 

or contamination. However, it should be pointed out that however sterile the 

procedure it is difficult to prevent against any intrinsic infections already 

present in the organ. Key also is the selection of materials to be used as 
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components; certain components will have to resist the corrosive nature of the 

high salt solution in which organ slices are produced. They should have a 

reasonable life span and replacement parts should be available.  

 

In the production of high quality organ slices, the facility to control the 

temperature of the specimen bath is critical. Slices should be produced at 

temperatures in the region of 4-5C to retain good viability. At this 

temperature, the rate of metabolic processes is reduced and will in turn see a 

reduction of deleterious effects at a cellular level. It is important that certain 

criteria are under the control of the operator; the approach speed, frequency, 

amplitude, and section height of the cutting blade all require fine-tuning. Each 

of these specific cutting profiles will need optimisation as per the organ type to 

be sectioned, age of the animal, and required orientation of the organ slice. 

However, all this is ineffectual if the blade technology is not of the highest 

standard. Traditionally, the use of stainless steel blades with a ground edge 

has been employed and these have been adequate in producing slices of 

quality in certain organs. To achieve a superior section from some of the more 

challenging tissue/organs, the use a ceramic blade is required. This provides 

a very sharp single bevelled edge and, combined with the greater rigidity of 

the blade cutting edge, this can allow the production of slices from even the 

most challenging tissues. 

  

Acute organ slices have an advantage over primary cell isolations in that they 

are less susceptible to changes in gene expression. A recent study has 

demonstrated considerable differences in genetic expression profile between 

cultured alveolar epithelial type two cells and freshly isolated alveolar 

epithelial type one and alveolar epithelial type two cells (Gonzalez et al. 2005). 

Isolated alveolar epithelial type two cells have been the experimental system 

of choice in studying the alveolar epithelial mechanisms and functions and 

have provided much valuable information. However, the cell culture conditions 

selected to maintain primary isolated alveolar epithelial cells have been shown 

to have dramatic effects on the expression profiles of certain ion channels 

within alveolar epithelial type two cells (Jain et al. 2001). It is clear that the 
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microenvironment plays an important role in genetic expression. The 

microenvironment will also have an effect on results obtained from the slice 

experimental model. However, the genetic expression profile is less likely to 

be changed as dramatically as in primary cell isolation. The enzymatic 

reactions and mechanical separation required to obtain a primary isolated cell 

population can cause a disruption to certain proteins and, in turn, affect 

function. A multidiscipline approach has, and continues to provide, the 

greatest prospect of advancing our understanding of the alveolar epithelium in 

healthy and diseased situations. Observations and conclusions drawn should 

also take into account the methodological approach used, as certain methods 

would prove more advantageous in replicating a healthy or diseased state. 

The lung slice model offers a real alternative to investigate alveolar epithelial 

cell physiology. 
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1.11 Summary. 

 

The information presented above provides a summary of the current 

knowledge from anatomy to molecular physiology of the respiratory system, 

with particular focus on the alveolar epithelial cell population. There is a 

distinct difference in the physiology of fetal, neonatal, perinatal and adult lung. 

The neonatal lung secretes fluid into the lumen by active transport to allow 

appropriate growth. An upregulation of ENaC ion channel expression from the 

third trimester, coupled to the massive increase in adrenaline at birth 

facilitates in the switch from liquid-secretion to liquid absorption. As the lung 

develops into adulthood, the reliance on ENaC for Na+ absorption wanes and 

other mechanisms become more important to overall alveolar fluid 

homeostasis. The unique epithelial covering of the lung is composed of two 

morphologically distinct cell populations. The alveolar epithelial type one cell 

and the alveolar epithelial type two cell. The alveolar epithelial type two cell 

has been the model of choice for the study of ion channel activity within the 

alveolar epithelium but there has been a lack of functional information as to 

the role of the alveolar epithelial type one cell in fluid homeostasis. Since they 

cover the majority of the alveolar surface area, it is critical to gain an 

understanding of their function at the molecular level. The fragile nature and 

difficult isolation of alveolar epithelial type one cells has hindered the ability to 

undertake such functional studies. The organ slice has proved to be a 

constructive research tool across a range of physiological experiments. It 

would be perfect to be able to collect functional experimental data from the 

alveolar epithelia type one cells in situ.  
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1.12 Aims of current research. 

 

The primary aim was to obtain functional ion channel recordings from 

identified alveolar epithelial type one cells from a lung slice model. The 

objective was then to allow a full characterisation of the myriad of ion channels 

present in the intact alveolar epithelium. It was essential to optimise the 

technique of lung slicing to produce viable slices that would allow clear access 

to the alveolar epithelium. Following on from this it was important to assemble 

evidence as to the viability of acute lung slice. The understanding of the 

physiological role the alveolar epithelium was also investigated by means of 

live cell imaging using confocal microscope with fluorescence Ca2+ indicator 

dye.  

 



 

 

 

 

 

Materials and methods 
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Chapter 2. 

 

Material and methods in rat lung slice.  
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2.1 Tissue culture methods. 

 

2.1.1 HEK293 cell culture 

 

Human embryonic kidney 293 (HEK 293) cell line was used as a control cell 

population for the LIVE/DEAD® experiments. These cells stably expressed rat 

purinurgic (P2X2) receptors, full detail of expression can be found in Mason et 

al.. HEK 293 cells were maintained in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% fetal calf serum, 2mM L-glutamine, 1% antibiotic 

antimycotic, 100g.ml-1 gentamicin and 300g.ml-1 geneticin (all purchased from 

Invitrogen Ltd., Renfrew, Renfrewshire, U.K.) in a humidified incubator gassed 

with 5% CO2 95% air. Cells were passaged every 7 days using Ca2+ and Mg2+ 

free phosphate buffered saline (-Ca2+/ Mg2+ PBS, Invitrogen Ltd.). For the 

LIVE/DEAD® staining experiments described in 2.5.2, HEK293 cells were plated 

onto glass coverslips and cultured as above for at least one day prior to 

experimentation. 

 

2.1.2 Long-term storage of cell lines. 

 

Cryopreservation was undertaken of ~1x106 cell.ml-1. The cells were suspended 

as described above, 2.1.1. The cell suspension was then spun down, for 5 

minutes at 3000 rpm, to allow the formation of a cellular pellet. The cell medium 

was removed and the cells were resuspended in the cryopreservation medium 

containing bovine serum albumin (BSA) supplemented with 10% (v/v) DMSO. 

The cells were aliquoted into cryotubes (BDH, Alderstone, Berkshire, U.K.) in 1 

ml volumes. To prevent cryodamage the cells were allowed to freeze slowly. 

This was achieved by placing the cryotubes onto a cryocane, which was placed 

in a polythene jacket and then wrapped in 1.5 inch lagging; this was then placed 

in an 80OC freezer. This method allows the temperature of the cells in the 

freeze medium to decrease slowly, approximately 1OC/min. The cells were 

stored at 80OC for a period of twenty four hours. They were then transferred to 

a liquid nitrogen store where they were held until required.  
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2.2 Preparation of lung slices. 

 

2.2.1 Animals. 

 

In the following studies, the Wistar rat strain was used as the experimental 

model. Pre-weaned rat pups aged between six and eight days old were used 

throughout. The pups and dam were housed in acrylic cages with wood 

shavings in an acclimatised room (12/12 hours light/dark cycle; 21±3C) and 

provided with water and food ad libitum. Pups were killed in accordance with 

Home Office guidelines using schedule one protocol.  

 

2.2.2 Preparation of the lungs. 

 

During the progression of this project, a series of experimental protocols 

underwent optimisation to meet the demands of the evolving project. Such 

optimisation was necessary was to establish a method of slicing that would 

facilitate functional ion channel recordings from identified alveolar epithelial type 

one cells from within a lung slice. Specifically, three techniques were 

investigated: A) low melting point agarose filling and mounting of lobes, B) 

polyethylene glycol filling and C) unfilled lungs.  

 

Prior to dissection of the lungs, the immediate area was thoroughly cleaned with 

70% ethanol (EtOH) solution. Surgical equipment was also swabbed in 70% 

EtOH and allowed to air dry to maintain the sterile environment. Gloves were 

worn at all times and the exterior of the animal was wiped with 70% EtOH 

following sacrifice. The slicing procedure was carried out in a vertical flow hood 

(Edgegard, The Baker Company, Sanfort, Maine, U.S.A.) reducing any air borne 

infection.  

 

The animal was pinned out with the abdominal surface facing upwards and an 

incision was then made from the base of the mandible to the midline of the 

abdomen. The skin and visceral peritoneum was cut open to allow access to the 

abdominal cavity. An incision was then made below the sternum and continued 
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on both sides around to the dorsal side; care was taken not to puncture the 

organs. This allowed full access to the diaphragm, which was carefully dissected 

away. The rib cage was dissected by cutting along the length of the sternum, 

from the body of the sternum to the manubrium of the sternum. The rib cage was 

pinned back and the mesenteries attaching the internal organs to the dorsal 

body wall, along with the connective tissue around the clavicles, were carefully 

detached. Care was taken not to puncture the lung. The trachea was cut above 

the larynx and the heart and lungs were removed en bloc.  

 

A 2% (w/v) solution of low melting point agarose (Sigma-Aldrich Company, 

Poole, Dorset, U.K.) was dissolved in fresh sterile extracellular bath solution 

containing (in mM): 140 NaCl, 5 KCl, 10 HEPES, 1 CaCl2, 1.2 MgCl2, 5 D-

glucose pH 7.4, 300mOsM, by heating to ~55OC, whilst being continuously 

stirred. This solution was allowed to cool to 37OC and maintained at that 

temperature in a water bath. A catheter was fed down the trachea, a suture was 

tied tightly to hold the catheter in place, and another was placed just below the 

end of the catheter (around the trachea) and left loose. The liquid agarose was 

smoothly injected into the lung until each of the lobes was fully inflated. The 

remaining suture was tied off to prevent the agarose leaking from the airways. 

To avoid damage to the alveolar epithelium, the lungs were not over filled and 

only gentle pressure was used to fill the airspaces.  

 

The filled organ was then gently washed with extracellular solution and the 

agarose allowed to solidify whilst the tissue was immersed in physiological bath 

solution cooled to ~4OC using an ice bath. A single dissected lobe was then 

removed and placed in a 5% agarose solution, maintained at 37OC. The 

mounting agarose, which contained the lobe, was then cooled in ice-cold 

physiological bath solution, which allowed the agarose to reach set point and 

solidify. The agarose-encased lobe was trimmed of excess agarose and 

mounted for slicing (see section 2.2.3). 

 

In the case of PEG 400-filled lungs, the dissection proceeded as above except 

that the lung was injected with a bolus of PEG 400 via the tracheal catheter. 
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PEG 400 is liquid at room temperature. However, when it is cooled to 4OC, it 

becomes a solid and provides stability for precision sectioning of the lobe.  

 

In experiments where unfilled slices were chosen, the lungs were again 

dissected as above, but the lobes were mounted immediately and directly on the 

jig of the slicer prior to slicing (see section 2.2.3 and fig. 1.1).  

 

2.2.3 Sectioning of lung slices with the Integraslice®  

 

For filled lungs, the agarose blocks were fixed to the jig with cyanoacrylate 

adhesive gel. For PEG 400 filled and unfilled lungs, lobes were individually 

dissected and fixed directly to the jig of an Integraslice® (7550 PSDS, Campden 

Instruments, Leicester, Leicestershire, UK) by cyanoacrylate adhesive gel; this is 

shown in fig. 1.1. Slices were cut at a constant temperature of 4OC (± 0.3) and 

were immersed in extracellular physiological bath solution. The temperature was 

maintained by utilising a temperature-controlled specimen bath, fig. 1.1 A (HP 

756; Campden instruments). 200m thick slices were cut across the transverse 

plane of the lobe. Once cut, each slice was transferred to a separate well of a 24 

well plate containing 2ml of extracellular bath physiological solution (as above), 

and held at 37OC in a humidified incubator which was supplied with a 5% CO2, 

95% air gas mix (Sanyo MCO 15AC, Sanyo Electrical Co. Ltd, Tokyo, Japan) 

until they were required for further experimentation. The Integraslice® allowed 

the production of reproducible, viable lung slices. Quality and accuracy were 

greatly augmented by the use of ceramic blades, fig. 1.1 C (7550/1/C; Campden 

instruments).  

 

The Integraslice® also allows the user precise control over the frequency, 

amplitude, and speed of advance of the blade, which are essential in production 

of high quality slices. Unfilled lungs were sectioned at a frequency of 96 Hz, an 

amplitude of 1.1 mm, and an advance speed of between 0.10 and 0.04 mm.s-1. 

Whilst PEG 400 filled lungs were sectioned at the same frequency and 

amplitude, but the advance speed was increased to 3mm.s-1, agarose filled 

lobes were cut using an advance speed of 7mm.s-1. 
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Figure 1.1 Unfilled lung slice sectioning by Integraslice®. 

 

Whole lung lobe fixed in position on a stainless steal jig by cyanoacrylate 

adhesive gel. This image demonstrates production of a 200m thick lung slice. 

The image shows the slice being cut across the transverse plane of the lung 

lobe. Here also can be seen the temperature controlled specimen bath A, jig B 

and ceramic blade C. The specimen remained in a fixed position on the jig while 

the sectioning arm D controlled the speed of approach, amplitude and frequency 

of the blade. 

 

 

 

 

 

 

C 

A 
B 

D 
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2.3 Live cell immunohistochemistry methods. 

 

2.3.1 Alveolar epithelial type one cells identified with VIIIB2 mouse 

monoclonal antibody.  

 

VIIIB2 is a mouse monoclonal antibody which binds specifically to an 

extracellular epitope on the plasma membrane of the alveolar epithelial type one 

cell (Danto et al. 1992). Currently, the identity of the epitope is unknown. Lung 

slices were washed three times for five minutes with 2ml of warmed 

physiological extracellular bath solution. Lung slices were then incubated at 

37OC for 1.5 hours in the presence of VIIIB2 (1:5 dilution). VIIIB2 was stored in 

hybridoma medium and this was diluted to the required concentration as 

necessary. Lung slices were washed three times more for five minutes each in 

warm physiological extracellular bath solution and then incubated in 

physiological extracellular bath solution containing 5% (w/v) BSA for 15 minutes 

at 37OC, followed by washing three times for five minutes in warmed 

physiological extracellular bath solution. Slices were then labelled with an anti-

mouse IgG, secondary antibody (Alexa Fluor 488 or Alexa Fluo 546, Molecular 

Probes, Strathclyde, Paisley, U.K.) at a 1:500 dilution and incubated for 30 

minutes at 37OC. Immediately prior to imaging, the lung slices were washed 

once again with warm physiological bath solution to remove any unbound 

antibody. In experiments where lung slices underwent a co-staining procedure, 

the choice of secondary antibody was dependant upon the excitation wavelength 

of the vital dye selected. In the situation where a dye with excitation of 488nm 

was chosen, the secondary antibody selected was a 1:500 dilution of mouse 

Alexa Fluor 546 secondary antibody (Molecular Probes).  

 

The VIIIB2 antibody was a generous gift from Drs. Edward Crandal and Zea 

Borok, (Will Rogers Institute Pulmonary Research Center, Division of Pulmonary 

and Critical Care Medicine, Keck School of Medicine, Los Angeles, U.S.A.). 
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2.3.2 Alveolar epithelial type two cells identified with Nile Red 

 

Lung slices were washed three times for five minutes with 2ml of warmed 

physiological extracellular solution. Lung slices were then incubated in Nile Red 

solution at 37OC for 10 minutes (1g.ml-1). Lung slices were washed three times 

more for five minutes each in warm physiological extracellular solution. Slices 

were held at 37OC in a humidified incubator which was supplied with a 5% CO2, 

95% air gas mix (Sanyo, Japan) until they were required for further loading 

procedures or experimentation. Fluorescent imaging by exciting at 546nm 

showed the Nile Red fluorescence signal and allowed identification of alveolar 

epithelial type two cells.  

 

2.3.3 Alveolar epithelial type two cells identified with LysoTracker® Green
 

Lung slices were washed three times for five minutes with 2ml of warmed 

physiological bath solution. Lung slices were then incubated at 37OC for 10 

minutes in LysoTracker Green (50nM). Lung slices were washed three times 

more for five minutes each in warm physiological extracellular bath solution. 

Imaging was undertaken immediately after the wash periods as the probes may 

increase lysosomal pH (Molecular Probes, technical notes MP0525, April 2001 

revision). Lysotracker Green is a fluorescent dye which is excited at 504 nm and 

emits at 511 nm.  

 

2.4 Electrophysiology Methods. 

 

Electrophysiological experiments were carried out at room temperature (21± 1 

OC), and all solutions were equilibrated at room temperature. 

 

2.4.1 Solutions.  

 

All compounds were of analytical grade and were purchased from Sigma-Aldrich 

Laboratory Supplies (Poole, Dorset, U.K.) unless otherwise stated. Sodium 

isethionate, N-(2- Hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid) 4-(2-

Hydroxyethyl)piperazine-1- ethanesulfonic acid (HEPES), tetraethylammonium 
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chloride (TEA), amiloride and potassium isethionate were obtained from Fisher 

Scientific (Loughborough, Leicestershire, U.K.). 

 

2.4.1.1 Extracellular bath solutions for recording currents in lung slices. 

 

In cell-attached patch-clamp experiments, a standard bath recording solution 

was used to mimic normal extracellular physiological conditions. Slices were 

perfused under gravity (4-6 ml.min-1) with extracellular bath solution composed 

of (in mM): 140 NaCl, 5 KCl, 10 HEPES, 1 CaCl2, 1.2 MgCl2, 5 D-glucose). The 

osmolarity of the solution was measured using a freezing point depression 

osmometer and adjusted to 300mOsm with sucrose. The pH of the solution was 

measured and adjusted to 7.4 with NaOH. Once the patch electrode was within 

micromanipulator range of the cell of interest, the perfusion flow was stopped to 

achieve a “stop bath” configuration.  

 

2.4.1.2 Extracellular pipette solutions for cell attached recording. 

 

Cell-attached patch clamp experiments used a high K+, low Cl-, pipette solution, 

which contained (in mM): 145 K Isethionate, 10 HEPES,1 CaCl2, 1.2 MgCl2, 5 D-

Glucose, 10mM TEA, 100M niflumic acid, 10M amiloride. The osmolarity of 

the solution was measured and was found to be 317mOsm; no adjustment was 

undertaken. The pH of the solution was measured and adjusted to 7.4 with KOH.  

 

2.4.2 Maintaining lung slice position. 

 

Slices had to be held in a secure manner to allow the formation of giga Ohm 

seal and to avoid movement artefacts. Two methods were employed, platinum 

C-ring and an in-house designed “concentric ring slice holding sandwich”. The 

platinum C-ring consisted of a 10 mm platinum wire which was fashioned into a 

“C” shape with individual nylon threads were spread and fixed tight over the 

frame with cyanoacrylate adhesive gel. This created a non-reactive, weighted 

net, which would allow access to alveolar epithelium by a patch electrode. The 

“concentric ring slice holding sandwich” consisted of two stainless steel rings 
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(larger ring: outer diameter 20mm, inner diameter 15mm, smaller ring outer 

diameter 14.5 mm inner diameter 13 mm; both rings were 2mm high). Within the 

arrangement there was a sandwich, which was composted of a cotton ribbon 

material, a lung slice, then nylon netting with a mesh diameter of 1.5 mm. This 

configuration allowed slice access to the physiological bath solution, held the 

slice firmly in place and, most importantly, allowed access of the patch electrode 

to the alveolar epithelium. The sandwich was assembled as follows: the outer 

ring was placed upon a flat surface; the slice was positioned on the ribbon, 

which was saturated in physiological bath solution, this was centred over the 

outer ring the nylon mesh was placed on top and then inner ring was pushed 

into place making sure the netting was taught, in order to keep the slice in 

position. Excess of ribbon and netting was trimmed and the holding sandwich 

was placed in a custom bath, which was just over 20mm in diameter also holding 

the slice firmly in place. This allowed the slice to be perfused with physiological 

bath solution.   

 

2.4.3 Preparation of slices for electrophysiology analysis. 

 

2.4.4 Patch-clamp electrodes. 

 

Patch-clamp electrodes were prepared from thin-walled, fliamented, borosilicate 

glass capillaries (Clark GC 100F-15, 1.0 mm outside diameter, 0.58 mm inside 

diameter (Clark Electromedical Instruments, Berkshire, U.K.), using a two stage 

pulling process on a Narishige PP-83 puller (Narishige, Japan). Electrodes were 

heat-polished to aid in seal formation (Hamill, O.P. et al., 1981) using a 

Narishige MF-83 microforge (Narishige, Japan). Patch-clamp electrodes were 7-

15 mega ohms resistance for cell attached recordings when filled with pipette 

solution as described.  

 

2.4.5 Cell-attached configuration of the patch-clamp technique. 

 

Secured lung slices (see section 2.4.2) were positioned in the perfusion 

chamber (produced in-house) mounted on the stage of Olympus BX50WI 

inverted microscope (Olympus Optical Co. (Europa) GmbH, Hamburg, 



 63 

Germany). The microscope was positioned on an anti-vibration table (TMC, MA, 

U.S.A.) and the entire apparatus was surrounded by a Faraday cage 

(Scientifica, U.K.) to reduce electrical interference. Slices were initially perfused 

at a rate of 4-6ml.min-1. The perfusion system was gravity-feed and consisted of 

a six reservoirs, each made from the barrel of a 50ml disposable syringe 

(Monoject, UK) feeding to a six way tap (Hamilton GB Ltd., Carnforth, 

Lancashire, UK) via gas impermeable Tygon tubing (VWR, Lutterworth 

Leicestershire, U.K.). The tap was connected to perfusion chamber, again using 

Tygon tubing. The perfusate was continuously removed by suction, provided by 

a vacuum pump connected to a Buchner flask reservoir.  

 

Slices were viewed at 10x magnification (LUMPLFL 10xW, Olympus) via 

transmitted light using phase contrast in order to align initially the slice and patch 

pipette to the centre of the field of view. Pipette solution was injected through a 

sterile 0.22m pore filter (Whatman® International Ltd, Maidstone, England), the 

filled pipette was placed in an electrode holder (Axon Instruments, Molecular 

devices, Forseter City, CA, U.S.A.) which was connected in turn to a CV7A 

amplifier headstage and MultiClamp 700A amplifier (Axon Instruments, 

Molecular Devices, U.S.A.). The MultiClamp system allows the user to control 

the amplifier via computer; this is achieved by using Programme Commander 

software (Axon Instruments, Molecular Devices, U.S.A.). The connection 

between the intracellular solution and the CV7A headstage was achieved via a 

silver/silver chloride (Ag/AgCl) wire. The amplifier was connected to the 

MultiClamp amplifier. To allow the circuit to complete an Ag/AgCl pellet (Havard 

Apparatus Ltd., Edenbridge, Kent, U.K.) provided the 0 V bath reference 

electrode, which was connected directly to the headstage. In order to create a 

giga seal between the patch electrode and the cell membrane, positive pressure 

was usually required. A side port from the pipette holder allowed the attachment 

of tubing and positive and negative pressure could be applied through the patch 

pipette.  

 

Electrodes were manoeuvred into close proximity of the slice using a three plane 

mechanical macromanipulator (PCS-5000 Series, Scientifica, UK). The seal test 
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function in Clampex 9.1 software (Axon Instruments U.S.A.) was used to drive a 

10 mV square wave test pulse and this provided an on-line calculation of the 

electrode resistance. The objective lens was changed to 60x magnification water 

immersion (LUMPLFL 60xW, Olympus), to allow very fine positioning of the 

electrode tip just prior to seal formation. The fluorescent VIIIB2 labelling was 

used to identify type one alveolar epithelial cells. The microscope was fitted with 

a Mercury/Xenon Short Arc Lamp (Olympus, Germany) and FITC filter cube 

(Chroma) allowed visualisation of alveolar epithelial type one cell membrane 

fluorescence. To reduce photobleaching or phototoxic effects, the exposure time 

of the slice was kept to a minimum and a polarizing neutral density (ND) filter 

(ND6 or ND25 Olympus) was employed in the light path to further reduce 

photodamage. 

 

A seal was formed between the patch electrode and the cellular membrane by 

manoeuvring of the pipette into an alveolar airspace region. The final 

movements were controlled by a piezoelectric micromanipulator (PCS-5000 

series, Scientifica, U.K.). Gentle suction was applied when there was an 

increase in pipette resistance; this indicated the tip of the pipette has come into 

contact with the cellular membrane. On achievement of seal resistance > 1 giga 

Ohm, transient current deflections due to capacitance of the glass wall of the 

electrode were compensated for using the automatic fast and slow capacitance 

functions provided in the MultiClamp software. The cell-attached configuration 

was now achieved (see fig. 4.1) 

 

2.4.6 Experimental protocol for cell-attached patch-clamp. 

 

2.4.6.1 Standard ramp protocol 

 

The protocol used for cell-attached patch clamp experiments using the identified 

alveolar epithelial type one cells in a lung slice used a resistive feedback voltage 

clamp. Ionic currents were evoked in cells by using a pre-programmed ramp 

protocol where the cells were held at 0mV before and after the ramp. Currents 

were evoked by stepping voltage from a holding potential to 70 mV and 
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ramping to +90 mV over a 2 seconds period, see fig.4.2. This protocol was 

repeated at a frequency of 0.1 Hz.  

 

 

2.4.6.2 Gap-free voltage-step protocol 

 

Cells were held at potentials ranging from +30 to 90 mV (Vm, assuming resting 

potential of 40 mV). Voltage protocols were generated and currents recorded 

using pClamp 9.0 software, employing a Digidata 1322 A/D converter (Axon 

Instruments). Data were filtered (4-pole Bessel) at 2kHz and digitized at 5kHz. 

Data analyses were performed using the pClamp 9.0 suite of software (Axon 

Instruments). 

 

2.4.7 Data analysis and presentation of cell-attached patch-clamp 

recordings. 

 

2.4.7.1 Calculating NPo 

 

The product of channel number and open state probability (NPo) at any voltage 

was calculated from 20 seconds of current recording using the following 

equation;  

 

NPo=I/i 

 

Where I is the mean patch current calculated from the whole recording and i is 

the single channel amplitude.  

 

2.5 Slice viability staining methods. 

 

2.5.1 Propidium iodide staining 

 

Lung slices were washed three times for five minutes with 2ml of warmed 

physiological bath solution. Slices were added to 1.5 ml of pre-warmed 
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physiological extracellular solution containing propidium iodide (PI 3 M). The 

specimen was incubated for 30 minutes at room temperature, and was light 

protected. The slices were washed three times more for five minutes each in 

warm physiological extracellular solution. Staining with PI was performed after all 

other immunohistochemical staining.  

 

2.5.2 LIVE/DEAD® staining. 

 

To maintain the reactivity of the kit, both reagents were stored sealed, protected 

form light, frozen at -20OC, and desiccated. Before experimentation, the agents 

were allowed to warm to room temperature. A 4M working concentration of 

EthD-1 was prepared in sterile physiological solution. A vortex mixer was used to 

ensure that the solution was uniformly mixed. To the same solution, calcein AM 

was added to give a resultant working solution of 2 M. 

 

1.5ml of the combined solution was added to a 35mm Petri dish in the case of 

the HEK293 cell line. Culture medium was aspirated away prior to loading and 

cells were washed twice in 3ml of warmed physiological extracellular bath 

solution. The 35mm Petri dish containing the 1.5 ml of LIVE/DEAD® combined 

solution was placed at 37OC in a humidified incubator, which was supplied with a 

5% CO 95% air gas mix (Sanyo, Japan). The cells were incubated for 30 

minutes. The cells were then removed from the staining solution and washed 

three times for five minutes with 2ml of warmed physiological extracellular bath 

solution. The cells were then ready for imaging; Calcein is excited optimally at 

485±10 nm. EthD-1 is optimally excited at 530±20 nm. The cells were imaged in 

extracellular bath solution. In order to confirm performance of the assay, 

HEK293 cells were imaged under normal conditions. Cells were then treated 

with physiological extracellular solution containing 1% (v/v) Triton X-100 for 10 

minutes washed three times for five minutes, the combined LIVE/DEAD® 

solution was re-applied and cells were incubated as above.  

 

The slice was loaded with the same concentration of LIVE/DEAD® solution. A 

slice was then placed in one of the well of a 24 well plate. The slice was 
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sectioned as described above (section 2.2.3) and this was placed at 37OC in a 

humidified incubator, which was supplied with a 5% CO 95% air gas mix (Sanyo, 

Japan). The specimen was incubated for 30 minutes in 1.5ml of extracellular 

solution containing 4M EthD-1 and 2M Calcein-AM, LIVE/DEAD® solutions. 

The slice was then removed from the staining solution and washed three times 

for five minutes with 2ml of warmed physiological extracellular solution. The slice 

was then ready for imaging.  

 

Lung slice viability was assessed under a number of conditions. All analyses 

were conducted on a Zeiss CellMap IC™ (Zeiss, Germany, fig. 1.2) confocal 

imaging station, which was mounted on the Olympus BX50 WI (Olympus, 

Germany) water immersion upright microscope. Slices were positioned in a 

perfusion chamber (see sections 2.4.2), which held the specimen firmly in place 

during experimentation. Samples were imaged having undergone: A) slicing 

alone, B) slicing and addition of 1% (v/v) Triton X-100 for 10 minutes and; C) 

slicing and VIIIB2 loading protocol (see section 2.2.1). Calcein was imaged with 

the 488nm laser and the 520/40 emission filter set of the CellMap. EthD-1 was 

excited with the 532nm laser and imaged with the aid of a 560 long pass 

emission filter of the CellMap. To asses the viability of the lung sections, the 

number of EthD-1 positive nuclei (i.e. dead cells) per field (105 M x 105 M) 

under each of the three conditions was counted in at least three independent, 

random fields. 

 

 

2.6 Calcium imaging methods. 

 

Slices were cut following agarose backfilling (see section 2.2.2) and transferred 

to a physiological solution containing 5M Fluo-3 AM (Molecular Probes) and 

0.1% (w/v) Pluronic acid (Sigam-Aldrich) for 30 minute at 37OC in a humidified 

incubator which was supplied with a 5% CO2 95% air gas mix (Sanyo, Japan). 

The slice was then washed with extracellular physiological bath solution to 

remove any of the unbound Fluo-3 AM for 10 minutes at 37OC. Slices were then 

transferred to perfusion chamber as outlined above in section 2.4.2; in these 
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particular experiments the weighted C-ring was used was and was placed on the 

stage of inverted LSM 410 confocal microscope. Lung slices were constantly 

perfused with bath extracellular solution, with a flow rate of 4-6ml.min-1. To 

capture intracellular calcium dynamics, two imaging techniques were employed: 

A) time course line scanning and B) region of interest time course scanning. 

Utilizing the Zeiss LSM, software line scans were captured every 3 seconds with 

600 scans per time course. The region of interest scans were carried out by 

cropping a small area from the entire image ~100m x 100m field of view. The 

time-course was 200 scans, once every 3 seconds. Analyses were conducted 

off-line with the Zeiss LSM software.  

 

A number of pharmacological agents were used in conjunction with the Ca2+ 

imaging A) Slices were perfused under gravity (4-6 ml/minute) with a high K+ 

extracellular bath solution composed in (mM) 90 NaCl, 50 KCl, 1.2 MgCl2, 5 

CaCl2, 2.5 HEPS, 10 D-Glucose, 10 Sucrose; B) slices were also perfused with 

extracellular bath solution which contained of 10M A23187 Calcimycin 

(Alomone Labs, Israel); C) 100µM adenosine triphosphate (ATP), and; D) 50µM 

muscarine chloride.  
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Figure 2.2 CellMap IC™ schematic configuration.  
 

The system is designed to be mounted directly to the microscope. A fully 

automatic Z-drive allows precise z-stack confocal optical sections. The system is 

a closed system; in that it can no additional laser lines can be added. CellMap 
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IC™ captures confocal images of fluophores who have an excitation 488nm and 

546nm. The system also contains filters.  
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Chapter 3. 

 

Slice optimisation, viability and live cell 

identification. 
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Introduction. 

 

The successful development of a suitable experimental model to examine the 

physiological properties of alveolar epithelial type one cells has been hampered 

due to the delicate anatomy of the postnatal lung. The introduction of a lung slice 

experimental model has created a number of exciting opportunities to investigate 

respiratory alveolar physiology at a molecular level. However, the development 

of this novel preparation has also introduced many technical challenges. This 

chapter describes the experimental optimisation which has allowed the first 

recording of functional ion channel activity from alveolar epithelial type one cells 

in situ (Bourke et al. 2005). 

 

The alveolar epithelium plays a fundamental physiological role throughout life in 

both gas exchange and fluid clearance (Williams 2003; Olver et al. 2004; Wilson 

et al. 2007; Eaton et al. 2009). While the isolation of alveolar epithelial type two 

cells (Dobbs 1990) is by no means trivial, it has become a routine preparation in 

a number of research laboratories and has provided invaluable information 

about their role in lung fluid homeostasis and an insight into the molecular nature 

of paraccellular fluid movement. Alveolar epithelial type one cell isolation has 

proved to be much more demanding due principally to the fragile nature of these 

cells; this difficulty is compounded by the complex nature of the tight junctions 

which are present between both alveolar epithelial type one and alveolar 

epithelial type two cells (Borok/Lubman et al. 1998; Chen et al. 2004; Dobbs et 

al. 1998; Isakson et al. 2001). The large surface area, extremely thin nature of 

the epithelium, and the close relationship to the vast pulmonary capillary network 

had until recently combined to thwart functional ion channel recordings from 

isolated alveolar epithelial type one cells (Johnson et al. 2006). As a result, 

many aspects of the alveolar epithelial type one cell function remain unresolved. 

In order to further our understanding of alveolar epithelial type one cell function 

within the epithelium, an unfilled slice model was developed and optimised 

making it possible to record ion channel events from identified alveolar epithelial 

type one cells. 
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It was essential to provide consistent and reproducible tissue slices, which 

retained a high cellular viability, were precision cut, and relatively straightforward 

to generate, allowing daily acute slice production. It was essential to keep 

cellular damage to a minimum, so that critical cellular and intracellular interplay, 

along with normal tissue micro-architecture, remained intact. This presented 

clear advantages over isolated cell preparations. A substantial quantity of the 

direct electrophysiological evidence from alveolar epithelial preparations has 

relied on recordings made from isolated alveolar epithelial type two cell 

preparations. The list of research investigations looking at the cellular function of 

isolated alveolar epithelial type two cells is extensive (for review see Kemp and 

Kim 2004; Eaton et al. 2009) and there is an ever-expanding pool of information 

pertaining to alveolar epithelium type one cell function (Dobbs 2007). However, 

although there is general considerable consensus that active transport is the 

critical underlying mechanism of lung fluid homeostasis, the contribution of 

differing ion channel families responsible for adult lung fluid clearance is still 

strongly debated. This is due in part to the species variations and the choice of 

experimental model. 

 

A valid argument as to why there is such range of differing information has been 

suggested by Gonzalez et al. (2005), who examined the gene expression of 

primary isolated alveolar epithelial type one cells and compared it to that of 

alveolar epithelial type two cells which had morphologically differentiated into 

alveolar epithelial type one like cells after seven days in culture. Comparisons 

were also made between freshly isolated alveolar epithelial type two cells and 

alveolar epithelial type two cells in culture for seven days. A comparison was 

also carried out between freshly isolated alveolar epithelial type one cells and 

freshly isolated alveolar epithelial type two cells. Gonzalez used isolated rat cells 

as the experimental model and analyzed the differences in gene expression 

using gene chip technology. 

 

Comparison between freshly isolated alveolar epithelial type one cells versus 

alveolar epithelial type two cells identified 190 unique genes associated with 

type one cells and 411 unique to type two cells. 52 genes, 26 each in type one 

and type two cells, exhibited the highest fold differences. In the comparison of 
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freshly isolated type two and cultured type two cells, they identified 332 unique 

genes to freshly isolated type two and 357 unique to cultured type two cells. 

They reported a similar number of differences between freshly isolated type one 

and cultured type two cells, with type one showing 195 different genes and 

cultured type two showing 503 different genes. Although the cultured type two 

cells lost various morphological and biochemical characteristics associated with 

type two cell phenotype and acquired some of the characteristics of the type one 

cell phenotype, it was unclear how similar a cultured type two model was to 

native type two cells. However, it seems apparent that type two cells in culture 

are substantially different from freshly isolated type one cells. The cultured type 

two cells have the ability to dedifferentiate, but seem unable to fully 

transdifferentiate at the genetic level, in culture. These data provide good 

rationale to investigate fully the possibility of using the lung slice as a model to 

examine type one alveolar epithelial cell function with the knowledge that 

function and gene expression would more closely resemble that seen in vivo.  

 

For this model to gain universal acceptance, it was vital to provide an accurate 

evaluation of cellular viability within the lung slice. This required an assay that 

could provide clearly defined and well-recognised parameters of cell viability and 

would demonstrate simply and quickly that alveolar epithelial membrane integrity 

had not been compromised. The list of apoptotic cellular markers is substantial 

(Lu et al. 2005). In choosing an assay, it was imperative to undertake staining of 

living tissue in conditions matching those in which the recording of ion channel 

activity was undertaken. It was essential the assay could be employed in a slice 

model, taking full consideration of potential problems, including access of 

substances throughout the slice and the ability to gather high-resolution images 

from within the slice. Assay Kit (LIVE/DEAD®, Molecular Probes) provided the 

opportunity to perform a simultaneous two-colour fluorescent assay to determine 

cell viability by intracellular esterase activity and plasma membrane integrity. 

Calcein AM and ethidium homodimer (EthD-1) provide two recognised 

parameters of cellular viability.  Calcein can be used as a marker for “live” cells 

while EthD-1 as a marker for “dead” cells. 
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In order to achieve unique electrophysiological investigation from the alveolar 

epithelium within a lung slice, it was crucial to have unquestionable cellular 

identification of the cell population being studied. To produce a lung slice in 

which identified alveolar epithelial type one cells and alveolar epithelial type two 

cells could be identified was a challenging undertaking. There are a number of 

distinct molecular markers which are present within alveolar epithelial type one 

and alveolar epithelial type two cells that could act as markers to allow specific 

identification (McElroy and Kapser 2004; Williams 2003). It was key to find a cell-

specific marker that could be employed and which would concurrently allow 

functional electrophysiological recordings without disrupting the physiology of 

the slice. Live immunohistochemistry was the method chosen to identify the 

alveolar epithelial type one cell population by utilizing the VIIIB2 mouse 

monoclonal antibody (Danto et al. 1992). Prior to this study, the use of live 

immunohistochemistry was limited to the central nervous system (Richmond et 

al. 1996; Pickard et al. 2001). This study is the first published research to utilize 

this technique within peripheral tissue. Following the publication of Bourke et al. 

(2005) there have been two further studies using the lung slice model with a vital 

stain for the identification of alveolar epithelial type one and two cells (Helms et 

al. 2006; Helms et al. 2008) and combined electrophysiological recordings.  

 

In order to differentiate between alveolar epithelial type one and alveolar 

epithelial type two cell population a selection of vital stains were employed. Nile 

Red (9-diethylamino-5H- benzo, also known as Nile Blue oxazone) is formed by 

boiling Nile Blue with sulphuric acid. This produces a mix of Nile Red and Nile 

Blue. Nile Red is a lipophilic stain; it accumulates in lipid globules inside cells. An 

advantage of Nile Red is that it can be used with living cells. In the case of 

alveolar epithelial type two cells, Nile Red has previously been used to 

recognise the lamellar bodies (Liu et al. 1996). Alveolar type two epithelial cells 

store and release surfactant via intracellular vesicles termed lamellar bodies. 

LysoTracker® Green DND-26 (LTG, Molecular Probes, Eugene, OR, U.S.A.) is 

an aciditropic agent that selectively accumulates in cellular compartments with 

low pH. LysoTracker® Green has also been used to investigate pulmonary 

surfactant lamellar bodies in isolated alveolar type two epithelial cells (Haller et 

al. 1998) with excellent success. 



 76 

 

The combination of these techniques allowed the first functional ion channel 

recordings from identified alveolar epithelial type one cells from a live lung slice. 

This technique provides a necessary additional experimental tool to further our 

understanding of alveolar epithelial physiology.  
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Results. 

 

3.1 Preparation of Lung slices. 

 

The architecture of the lung is such that it can expand and contract during the 

inspiration and expiration of breathing. The result is an organ that must retain a 

vast amount of elasticity to cope with the specific rate of ventilation, from shallow 

restful breathing to “lung busting” physical exercise. The lung’s unique structure 

and delicate nature make generating slices of 200µm thickness challenging. The 

traditional manner of producing precision cut lung slices has been to inject a 

bolus of low melting point agarose into the lung lobe (Youngson et al. 1993). 

Once the set point of the agarose is reached, the resulting stability attained by 

the solidified agarose within the lung lobe facilitates relatively straightforward 

slicing. This was the primary method employed for the production of lung slices.  

 

Lung slices cut by this method (section 2.1) produce slices of very high and 

reproducible quality. In fig. 3.1, a transmitted light image of an agarose filled 200 

m thickness slice is shown. The lobe retained a suitable stiffness to allow 

slicing and the slice could be manoeuvred with ease between slicing and 

specimen baths. Good identification of the airway was also possible and, on 

close inspection, airway cilia were observed to be beating (data not shown), also 

demonstrating good slice viability. The presence of the agarose provided 

additional weight to the slice making it less likely to float in the specimen bath, 

thus reducing movement artefacts.  

 

The next method investigated employed polyethylene glycol 400 (PEG 400). 

PEG comes in a range of molecular weights, the higher the molecular weight the 

greater the viscosity at room temperature. PEG is water soluble and described 

as non-toxic. PEG has been used in the pharmaceutical industry as a base 

material for creams and lotions. Famously, the timbers of the Mary Rose 

underwent PEG preservation whereby the water was removed and replaced with 

liquid PEG200. Once the PEG leaches into the timbers, it returns the stability to 

the timbers and preserves them for future generations. PEG 400 has some very 
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unique properties, which provided an alternative solution to the problem of lobe 

stability during slicing. PEG 400 is liquid at room temperature, yet solid at 4C. 

This was critical as 4C is the temperature at which the slices were cut. As PEG 

400 is water-soluble, once the slice was transferred to the perfusion chamber, 

which is at room temperature, the flow of extracellular bath solution removed it 

from the alveolar air space allowing the required access to the air space. This 

solved the issues that the agarose-filled lung slices presented of blocked 

airspace and by comparison the access to the alveolar epithelium was 

immeasurably improved. However, PEG 400 proved unsuitable as the cellular 

viability of the slice was found to be unsatisfactory (see fig. 3.4).  

 

The final, and most successful method was to section unfilled lungs. This novel 

production method for lung slices was only possible by using the Integraslice® 

high precision oscillating microtome from Campden Instruments. This microtome 

provided the required control, flexibility, accuracy, engineering and design to 

overcome the challenge of sectioning unfilled lungs. The unfilled lung slice 

proved a suitable model to allow the undertaking of live immunohostochemical 

staining and this was combined with the recording of ion channels in cell 

attached configuration (see fig. 4.1). The time between production of the slice 

and recording of electrical activity was reduced to a minimum with slices ready 

for patch clamping in less than 3 hours. The physical interference that agarose 

presented and the reduced cellular viability that PEG 400 imparted on the 

alveolar epithelium was consequently removed.  

 

3.2 Cellular viability within lung slices. 

 

It was important to address the issue of cellular viability, by use of a biological 

assay, before introducing the unfilled lung slice as a suitable model for recording 

ion channel activity at the alveolar epithelium. It was essential to demonstrate 

suitable cellular viability under the experimental conditions employed, as both 

PEG and unfilled lung slices were novel methods of sectioning lungs. The choice 

of assay had to demonstrate viability, taking into consideration the 3D structure 

of the slice. Research studies to investigate agarose filled lung slice cellular 
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viability was undertaken for both rat and human lung slices (Vickers & Fisher, 

2004; Umachandran et al. 2004; Fisher et al. 1984; de Graaf 2006) the primary 

focus of these studies was to demonstrate suitable viability of the agarose filled 

slice for toxicological investigations. Visualization of the identified alveolar 

epithelial type one cells with a fluorescent secondary antibody (see section 

2.2.1, fig. 3.6, and fig.4.1) was very beneficial and allowed collection of confocal 

images. The use of a fluorescent assay complimented the collection of 

fluorescent viability information from within the slice. It was also important to 

demonstrate that undertaking the live immunohistochemical identification of 

alveolar epithelial cells would not unduly affect the cellular viability of the slice. 

 

3.2.1 Propidium iodide staining 

 

The initial cellular viability assay undertaken made use of propidium iodide (PI). 

PI (Molecular Probes, Netherlands) is a nucleic acid stain which binds to DNA by 

intercalating between the bases, with little or no sequence preference, and with 

a stoichiometry of one dye per 4-5 base pairs (Vornov et al. 1991). The binding 

of the dye to the nucleic acids causes an increase of some 20-30 fold in 

fluorescence signal with a peek excitation at 535nm. PI is a membrane 

impermeable dye and is excluded from viable cells. However, cells whose 

membrane integrity has been disrupted allow the transport of the dye across the 

membrane where it is internalised within the nucleus and can be visualised by 

fluorescent imaging techniques. An exemplar image of PI staining can be seen 

in fig 3.2. This image represents a 200m thickness, lung slice from an 8 day old 

rat. The slice firstly underwent live immunohistochemical staining with VIIIB2 

alveolar epithelial type one cell antibody, panel A. After the VIIIB protocol, the 

slice was subsequently loaded with PI in order to investigate viability (panel B 

fig.3.2). The resultant overlay image can be seen in panel C fig. 3.2. Looking 

closely at panel B, it is evident that there are cells that have had their cellular 

membrane compromised allowing the entry of PI and binding to the DNA. It is 

evident that it was possible to gain good access of the dye throughout the slice 

and this in turn allowed image acquisition deep into the slice, it was possible to 

confocal images ~20µm into the slice. The results of the PI staining showed 
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cellular viability had been compromised. However, it was not possible to confirm 

if presence of the compromised cells were a result of the slicing processing, the 

agarose backfilling, or a combination of both or the natural cellular turnover. 

 

3.2.2 LIVE/DEAD® Viability 

 

In order to asses further the cellular viability of the lung slice, the LIVE/DEAD ® 

viability/cytotoxicity kit, a product developed by Invitrogen Molecular Probes, was 

also employed. The advantages of this cellular assay kit are that it provides a 

two-colour fluorescence viability assay that is based on the simultaneous 

determination of both live and dead cell populations. A further beneficial aspect 

of this kit is that it uses two well recognised cell viability markers, intracellular 

esterase activity is measured by Calcein AM, and plasma membrane integrity is 

measured by ethidium homodimer (EthD-1) ( Papadopoulos et al. 1994). The 

LIVE/DEAD® stain is applicable to most types of cells. The images shown in fig. 

3.3 and fig. 3.5 were captured from the HEK 293 cells line and rat lung slices, 

respectively.  

 

Within viable cells, where the cellular membrane has not been compromised, 

intracellular esterases cleave the nonfluorescent cell-permeant Calcein AM and 

by this enzymatic process produce the intensely fluorescent calcein. Calcein is 

well retained within “healthy” cells due to its polyanionic properties. Once 

internalised within the cytoplasm it produces an intense uniform green 

fluorescent signal (ex/em ~495nm/~515nm). The EthD-1 enters cells with 

compromised and damaged membranes, and upon binding to the DNA, it 

undergoes ~40 fold increase in fluorescent intensity; this means that dead cells 

can be identified by red fluorescence (ex/em ~495/~635). The cells with intact 

and uncompromised membranes will exclude the EthD-1 dye. In order to 

optimise LIVE/DEAD® stain to the CellMap IC™ confocal system and confirm 

loading protocols, HEK 293 stably expressing P2X2 ion channels were used as a 

control system (fig. 3.3). 

 

These images provide an example of the intensity and localisation of staining 

that can be achieved within a cell monolayer. Cells were concurrently loaded 

C 
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with both Calcein-AM and EthD-1. Fig.3.3 panel A shows a monolayer of cells 

whose membranes are intact with the bright green fluorescent label (Ex488nm) 

achieved by the enzymatic conversion of Calcein AM to calcein. The fluorescent 

label is dispersed throughout the cell cytoplasm. When the same cells are 

imaged via the red excitation channel (Ex543nm) there is no visible signal in 

panel B, which indicates all cells in the field of view have their cell membranes 

intact. Panel C shows the digital overlay of both images. 

 

In order to compromise the cellular membranes of the cells and gain a baseline 

reference level for the EthD-1 stain, cells were treated with a 1% (v/v) Triton X-

100 in physiological solution for 10 minutes. The effect of this was quite striking, 

with the images collected via the 488nm excitation (panel D of fig. 3.2) exhibiting 

no fluorescent signal. Examination of panel E (fig. 3.3) shows that all of the 

membranes have been entirely compromised as the signal gathered by 

excitation with the 532nm channel is especially intense and the nuclei of the 

cells are clearly distinguishable.  

 

3.2.3 Lung slice viability assessed with LIVE/DEAD® stain. 

 

PEG provided a very suitable structural stability to make 200µm lung slices while 

offering the clearance within the alveolar airspace that was essential to provide 

good access to the alveolar epithelial membrane for patch clamp experiments. 

However, it was only towards to edge of the slice, where the morphology of the 

epithelium had the characteristic ‘halo’ in transmitted light, that is associated with 

healthy cells. Thus, it was decided to investigate the cellular viability, within the 

PEG 400 filled slice using LIVE/DEAD® staining. The results are seen in fig. 3.4, 

and it is clear from these images that there is a reduced staining towards the 

middle of the slice. The addition of PEG 400 demonstrated a clear reduction in 

the cellular viability towards the centre of the slice (fig. 3.4. panel A). 

 

Access of the dye within the slice was not problematic for either Lysotracker 

Green or EthD-1. There were a small number of “healthy” green cells and a 

small number of compromised red cells seen within the interstitium that exhibit a 

fluorescent signal. The population of green cells seen in panel A, is less than 
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would be expected of a “healthy” slice. In panel D, the overlayed image 

demonstrates the pattern of staining achieved with the LIVE/DEAD® cell viability 

stain within a PEG filled lung slice. The reduced population of viable cells points 

towards the lack of suitability of PEG 400 backfilled slices as a physiological 

experimental model. These data concur with the findings from patch clamping 

investigations from PEG slices. The population of cells with viable ion channel 

activity were only observed towards the edge of the slice where the perfusion of 

PEG had not reached (data not shown).  

 

3.2.4 Unfilled lung slice cellular viability.   

 

The slicing of a 200µm thickness unfilled lung slice was made possible primarily 

by the addition of the Campden Integraslice® to the laboratory. This high 

precision oscillating microtome coupled with the ceramic blades, slow advance 

speed, optimisation of amplitude and frequency of the cutting blade allowed the 

first reported unfilled lung slice preparation (Bourke et al. 2005). It was clear that 

this method of slice preparation would offer an experimental model as near to in 

vivo as possible in which to record ion channel activity at the alveolar epithelium. 

However, the question remianed as to the effect of VIIIB2 antibody labelling on 

the cellular viability of the alveolar epithelium.  

 

The results provided in fig. 3.5, and fig. 3.6 and fig 3.7 addresses the question 

directly with regard to the cellular viability of an unfilled 200µm thick rat lung 

slice. Firstly, it was necessary to investigate the cellular viability in such an 

unfilled slice. There was no evidence to suggest the LIVE/DEAD® stain would 

work satisfactorily in an organ slice. However, the reservation that there would 

be difficult in the probe gaining good access deep within the slice was 

unfounded. Fig 3.5 panel A shows a typical example of an unfilled 200µm thick 

lung slice which has been treated with LIVE/DEAD® and the resultant calcein 

fluorescence signal collected by excitation with the 488nm laser line. 

 

There are a plentiful number of cells, which exhibit good cellular viability and 

demonstrate a high fluorescence signal. The image is captured by 60X water 

dipping objective and the central black space is the unfilled alveolar airspace, 
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hence, no staining is observed. Fig. 3.5 panel B is the same field of view excited 

by the 543nm laser line. There are a number of red nuclei visible, this equates to 

cells that have had there cellular membranes compromised and are classified as 

dead cells.  

 

The results of these experiments illustrate clearly that there was excellent 

viability within an unfilled lung slice. A direct comparison between panel C and F 

of fig. 3.5 illustrates that there is a high degree of cellular viability. This method is 

superior to the PEG 400 back filled-slice (compare between fig. 3.4 panel A and 

fig 3.5 panel A). Upon treatment with Triton X-100 for 10 minute and subsequent 

loading with the LIVE/DEAD® cellular viability stain, there was a compete loss of 

calcein fluorescence signal, (panel F fig 3.5). Inspecting panel A of fig.3.5 shows 

that there is large number of viable cells present within the lung slice and this 

demonstrates clear cytoplasmic localization. These images are in stark contrast 

to the increased number of red nuclei present in fig.3.5 panel F.  

 

Upon detailed inspection of the images, it is possible to make out the alveolar 

airspace region (fig.3.5 panel E). There are some points of interest when looking 

at the final image. It is very clear that the alveolar region has remained open and 

that access is no longer an issue. The Triton X-100 allows the leaching of the 

EthD-1 stain into the connective tissue of the lung and as a result the 

background signal is somewhat higher. Although the Calcein AM is present, 

there is no signal present with the 488nm excitation, because the metabolic 

reaction within the cytoplasm was unable to occur as the membranes of all cells 

within the slice were compromised.  

 

3.2.5 The effect of VIIIB2 live cell identification on lung slice viability.  

 

The effect of slice viability was assessed in the presence of VIIIB2 type one 

alveolar epithelial cell specific antibody live labelling and the results are seen in 

fig. 3.6. This is an exemplar image set of a rat lung slice of 200m in thickness. 

The slice was treated with VIIIB2 followed by treatment with a secondary 

antibody (Alexfluo 488/546). This was followed by treatment with the 



 84 

LIVE/DEAD stain. In the case where VIIIB2 and Calcein AM live staining was 

examined, a 543nm anti mouse secondary antibody was used as the fluorescent 

marker. In the situation where the VIIIB2 and EthD-1 was examined, a 488nm 

anti mouse secondary antibody was used as the fluorescent marker. Fig. 3.6 

panel A is the live cell stain of calcein which shows good cellular viability in the 

alveolar epithelial region. Fig. 3.6 B is the VIIIB2 antibody with AlexFluo 546 

secondary antibody. The antibody has remained specifically located to the 

alveolar membrane region. Fig 3.6 panel C illustrates the overlay of both the 

calcein and the VIIIB2. This demonstrates the abundance of viable cells within 

the unfilled lung slice following the VIIIB2 protocol.  

 

Fig 3.6 panel D shows the VIIIB2 with the AlexFluo 488 secondary antibody, 

which again is localised to the alveolar epithelial membrane, and fig. 3.6 panel E 

provides evidence for compromised cells within an unfilled lung slice following 

the staining with VIIIB2.  

 

Quantification of the mean number of EthD-1 positive nuclei showed that Triton-

X-100 treatment resulted in a significant, 4-fold increase in the number of dead 

cells per field from 18.0 ± 0.9 (n = 41 slices) to 78.1 ± 3.3 (n = 30 slices; figure 

3.7). Thus, before such treatment, the majority of cells within the slice were alive, 

whilst permeabilization with detergent resulted in cell death throughout the lung 

slice. A modest, but significant 1.4-fold increase in cell death evoked by live 

immunohistochemistry is quantified in figure 3.7, which shows that VIIIB2 

treatment resulted in 25.3 ± 1.7 dead cells per field (n = 31) compared with 18.0 

± 0.9 in untreated slices (n=23). 

 

3.3 Live cell identification within a lung slice. 

 

For the success of this project, it was essential to master the production of live-

labelled alveolar epithelial cells within a lung slice. This would not have been 

possible had it not been for the unique characteristics of VIIIB2 antibody. It was 

also critical to investigate the most suitable method of creating duel labelling with 
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type one and type two markers which would prove useful in further 

understanding the particular role the cell population play in the alveolar function.  

 

 

3.3.1 VIIIB2 alveolar epithelial type one cell identification live lung slice. 

 

The slice was labelled as outlined in section 2.3.1 and this allowed the 

visualisation of the alveolar epithelial type one cell membrane within in the slice. 

The image presented in fig. 3.8 demonstrates membrane specific localisation of 

the VIIIB2 antibody staining of the alveolar epithelial type one cells. It also 

demonstrates very elegantly the expanse of the type one cells within alveolar 

epithelium. This image is of an unfilled lung slice and is the first live-labelling to 

show the alveolar epithelium. In order to investigate non-specific binding of the 

fluorescencent antibody, slices were treated as described in section 2.3.1, but 

with primary antibody (VIIIB2) excluded. No fluorescent signal was observed in 

these control slices (data not shown). 

 

The images presented throughout this thesis when placed in a side-by-side 

evaluation against the published data from fixed immunohistochemical from our 

collaborators using VIIIB2 antibody (Danto et al. 1992, Borok/Danto et al. 1998, 

Bourke et al. 2005) clearly demonstrate the retained ability of this monoclonal 

antibody to recognise an extracellular apical membrane epitope specific to 

alveolar epithelial type one cells. The combined z-stack confocal image in fig. 

3.8 provides suitable “three dimensional” representation of the specificity of 

binding that was achieved with the VIIIB2 antibody. When the slice was viewed 

by epi-fluorescence, the staining gave a 3 dimensional pattern that is in part 

conveyed by the confocal images displayed here. The difference in the access 

of the antibody can be clearly seen by comparing the VIIIB2 staining in fig. 3.2 

with that in fig. 3.8. 

 

The staining is exclusively membrane bound, and there is a reduction in the non-

specific binding allowing a much less unambiguous staining pattern. The 

increase in blocking solution concentration from 3% to 5% also contributed to 

the specificity of binding. A major factor in achieving a suitable staining was the 
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use of the unfilled slice model. This allowed greater penetration of the primary 

antibody. The binding of the secondary antibody was also made easier and as a 

result the concentration could be reduced even further to 1:500 from the initial 

1:200. This in turn, decreased the possibility of non-specific binding of the 

secondary antibody.  

 

3.3.2 Alveolar epithelial type two live cell staining.  

 

It was important to consider the possibility of live staining alveolar epithelial type 

two cells. There were a number of possible candidate stains that have previously 

demonstrated good success within primary isolated cell populations. The initial 

choice of vital stain was Nile Red. Nile Red is strongly fluorescent, but only in the 

presence of a hydrophobic environment. Nile Red can be applied to cells in an 

aqueous medium and has been shown to localise selectively within the lamellar 

bodies of the alveolar epithelial type two cells (Lui et al. 1996). The lipophylic 

environment of the lamellar bodies has allowed reliable specificity in identifying 

isolated alveolar type two cells. The use of Nile Red in the lung slice preparation 

is illustrated in fig. 3.9. The dye is localised to a number of lipid containing 

cellular compartments. A number of optimisation procedures were investigated, 

including periods of loading and differing concentrations of dye. However, all 

yielded a somewhat diffuse staining pattern within the alveolar region. The 

alveolar epithelial type two cells have retained the Nile Red within the lamellar 

bodies of these cells (Lui et al. 1996). However, due the non-specific nature of 

the loading within the slice preparation it was not deemed a suitable cellular 

marker for the slice preparation. Stained cells were localised to the “corner of the 

alveoli” and show a punctuate staining and have the classical lamellar body 

staining pattern. These cells are identified in fig 3.9 by white arrows.   

 

Due to the low level of specificity demonstrated by Nile Red, it was necessary to 

investigate other options for the identification of live alveolar epithelial type two 

cells. One option was to try the styryl dye LysoTracker® Green DND-26 

(Invirtogen, Molecular Probes). This type of probe has been used with good 

success both in isolated type two alveolar epithelial cells (Haller et al. 1998) and 

in whole organ lung preparations (Ashino et al. 2000), although in the latter 
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study, LysoTracker green FM1-43 was employed. Both of these studies 

demonstrated the specific localisation of the fluorescence signal to the lamellar 

bodies of the alveolar epithelial type two cells.  

Fig. 3.10 demonstrates the localization of the LysoTracker Green DND 26 within 

the lamellar bodies of a single alveolar epithelial type two cell. The confocal 

image seen in panel A was captured at a high resolution and, combined with 

optical zoom, allowed single lamellar body vesicles to be resolved within the 

alveolar epithelial type two cell. The ability to co-stain the lung slice with the 

specific alveolar epithelial type one cell antibody (VIIIB2) provided a vivid image 

overlay. Panel C reveals the specificity of the each of these particular live 

staining methods. The red signal represents the type one specific staining and it 

is seen localised to the apical membrane of alveolar epithelial type one cell. The 

localisation of the DND-26, (green signal), is tightly confined to the type two 

alveolar epithelial cell lamellar bodies. However, the most striking aspect is how 

the VIIIB2 ceases directly where the DND-26 starts, indicating that there is 

absolutely no overlap between these two specific identification protocols. 
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3.4 Discussion.  

 

The ability to produce viable and reproducible slices was essential to the 

success of this project. As described above, a number of methods were 

investigated in order to produce slices that would be suitable to allow the 

functional recording of electrophysiological data from identified alveolar epithelial 

cells in a precision cut lung slice. In the past, the method of choice, which is still 

favoured by a number of investigators (Fu et al. 2000; Helms et al. 2008), is the 

agarose backfilled lung slice, as seen in fig. 3.1. Although this has proved 

valuable as a research tool, inspection of fig. 3.1 demonstrates a clear definition 

of the air space of the alveolar region. The agarose-filling method of slice 

preparation has also proved valuable for a number of previous studies. For 

example, Fu et al. (1999, 2000) have been able to record voltage-activated K+ 

and Na+ currents in neuroepithelial bodies (NEB) of lung slices cut from an 

agarose-filled neonatal rabbit lung. Further, a large number of toxicology studies 

have used the agarose-filled slice as the experimental model of choice (de Graaf 

2006; Parrish et al. 1995) and, as mentioned above, the more recent use of 

agarose backfilled lungs has allowed the recording of electrophysiological 

results from both alveolar epithelial type one and type two cells (Helms et al. 

2006; Helms et al. 2008)  

 

The ease of cutting agarose-filed slices is clear, and a single rat lung lobe can 

yield between 12 and 20 slices of 200m thickness with any of the commercially 

available vibrotomes. The slices are very robust and are easy to transfer 

between culture medium and microscope chamber. In addition to the mechanical 

stability advantages, agarose-filled slicing also provides a method for studying 

intracellular Ca2+ homeostasis with Fluo-3 AM indicator dye. The results from 

agarose filled lungs are discussed in chapter 5 of this thesis. 
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The agarose filled lungs have one significant drawback, which is that the 

alveolar airspace was not easily accessible since it remained filled with solidified 

agarose. There was visible evidence of this, and when a patch electrode was 

positioned in the alveolar air space of the lung and the electrode was moved 

downwards, the microstructure of the lung could be seen to move. Attempts 

either to clear completely or soften the agarose, in order to gain better access to 

the membrane, saw the use of very low melting point agarose (Sigma-Aldrich, 

U.K.). This product has a melting point of ≤ 65OC and a gel point of 26-30OC. 

The results were unsatisfactory as the agarose still remained within the alveolar 

air space.  

 

PEG 400 did not prove to be an optimal method for the production of viable lung 

slices. Fig. 3.4 shows an image of a 200m lung slice which had been cut with a 

PEG 400 backfill at 4OC. Panel C shows that the morphology of the alveolar 

airspace is markedly changed, compared to figure 3.1. However, it was clear 

that the alveolar membrane was fully accessible. Panel A and B demonstrate the 

cellular viability. What became immediately clear was there was only a small 

area of viable lung available for experimentation and this would prove unsuitable 

as an experimental model. The large extent of cell death would have detrimental 

affects upon the living cells. The release of cellular apoptotic signals may effect 

the remaining live cell population. Since the only aspect of the preparation which 

was changed was the PEG 400 backfill, it became apparent that PEG 400 was 

the cause of the cell death. 

 

The advantage of using PEG 400 was that it provided good stability to the lung 

structure during slicing. The PEG 400 was chosen as it provided an airspace 

that was free of obstructions allowing clear access of a patch clamp electrode to 

the alveolar epithelium. However, PEG 400 had a less than suitable reaction 

with the live tissue and the viability of the lung slices was not acceptable. Certain 

aspects did, however, prove to be quite positive. It was clear that the alveolar air 

space of the lung did not collapse after removal of PEG 400. The region at the 

edge of the slice that had not come into contact with PEG 400 during the 
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perfusion demonstrated good viability and cell-attached recordings were 

possible. Fig 3.4 shows the viable “band of cells” around the edge of the slice.  

 

It is important to outline there was more than one vibrotome used during this 

project and also a number of other vibrotomes were tested prior to the purchase 

of the Integraslice®. I shall outline quickly the vibrotome history within the 

laboratory, and deal with the positive aspects that the Integraslice® has over the 

competitors. The original vibrotome on which slices were cut was the Vibroslice 

TM (MA 752, Campden Instruments, U.K.). The unit has control of the speed of 

advance with a fixed lateral displacement of 1.0mm and allows the frequency to 

be set by the user. The stainless steel blades (752/1/SS Campden instruments, 

U.K.) were only available for this machine. A limiting factor was the inability of 

the vibrotome to cut lung slices from organs of older animals. The connective 

tissue of mature animals was a confounding factor for the vibrotome in the 

production of precision cut lung slices. This vibrotome required the stability 

offered by the agarose backfill and agarose block. Also, it was not possible to 

use animals older than 10 days as the slices were not of a suitable quality. 

Slices cut from animals of a later age were variable in thickness. This machine 

did not have the option of a temperature-controlled specimen bath and required 

the addition of bath solution ice cubes to reduce the temperature; hence bath 

temperature was not accurately controlled.  

 

Each manufacturer (Leica Campden Instruments, Krumdieck, EMS, Vibratome), 

who produce a precision cut vibrotome, were individually trialled. The decision 

was to opt for the Integraslice® from Campden Instruments, see figure 2.1. 

There were a number of features associated with the Integraslice® which made 

this the most suitable machine for this application. One aspect that was of crucial 

importance was the ability of the user to control in a precise manner the advance 

speed of the cutting blade (-1.0mm.s-1 to +3.0mm.s-1 in 10 micron steps), the 

amplitude of the cutting blade (0.5mm to 1.5mm), and the oscillation frequency 

of the blade (20Hz to 115Hz). This precise control, coupled with the use of 

precision ceramic blades (Model 7550/1/C, Campden Instruments, UK), made 

the production of unfilled lung slices possible. The ceramic blades are precision 

engineered, manufactured from ultra hard zirconium and honed by a process of 
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‘lapping’. This ‘lapping’ allows both sides of the blade to meet at single bevel 

cutting edge which is machined to micron flatness. These factors combine to 

make an ultra sharp durable cutting edge essential in the production of “healthy” 

slices. These blades are reusable and allow the cutting of thin precision cut 

slices from tissue that in the past had proved difficult to cut, such as rat lung and 

airway. The superior engineering mentioned above made it possible to cut 

unfilled lung slices. This was to prove an important breakthrough as it solved 

problems of cellular viability and access to the alveolar air space. 

 

The optimal position for the left superior lobe, the lobe of choice, was the apex of 

the lobe facing the blade with the posterior of the lobe facing upwards. This 

offered the cutting blade a sufficient surface to start the sectioning and also an 

increased distance until the airway was reached. The lobe was individually 

sectioned away following en bloc heart and lung dissection (see section 2.1.2). 

The lobes were held in position on the jig of the Integraslice® with methyl alpha-

cyanoacrylate gel; this option proved more suitable as the lobe was held firmly in 

position and the gel remained at the base of the tissue. Liquid has a tendency 

“creep up” around the lobe, reducing the life time of the blades and making 

sectioning more problematic.  

 

The question of cellular viability arose due to the fact that prior to Bourke et al. 

(2005), unfilled lung slices had not been used as an experimental model. The 

ability to demonstrate a large population of viable cells would add strength to the 

arguments in support of this experimental method by which to investigate the 

alveolar epithelium. The examples shown of unfilled lung slices in fig.3.5 and fig 

3.6 when compared to the control HEK 293 images in fig 3.4 leave no doubt as 

the vast number of viable cells present when using the unfilled lung slice 

experimental model. The addition of the VIIIB2 antibody was shown to increase 

the numbers of compromised cells over that in the non-treated slice (fig3.6) but 

the difference was not significant. The true nature of the viability is seen in the 

large numbers of nuclei seen by the addition of Triton X 100. It was essential to 

fully optimise the slice preparation and provided ‘healthy’ slices which would 

allow the first reported electrophysiological recordings from identified alveolar 

epithelial type one cells. 
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The data as presented in figure 3.7 lacked a key component, sound statistical 

analysis. It could have bee strengthened in a number aspects. Firstly, 

standardization of the regions to be investigated would aid in presenting a more 

balanced data set. The number of slices and fields of view should have been 

standardized. Each specific treatment should have had the same number of 

slices and a standard number of fields taken from each individual slice. The data 

would present the same story in that the treatment with the VIIIB2 antibody 

increased the number of dead cells present in the selected field of view. It is not 

clear if this is significantly different as demonstrated by a statistical method. 

Upon reworking of the experiment it would be provide a stronger data set if a 

student T test were undertaken upon the data. To undertake this statistical 

analysis data would be grouped as per control, triton X 100 and VIIIB2 

experimental procedures. However would analysed as unpaired experiments 

unless slices from each animal under went the same procedure and were 

imaged and data collected on a particular animal. I feel confident the outcome 

would have been similar; comparisons made in a statistical manner would 

demonstrate that although VIIIB2 caused an increase in cells death. The 

increase still provided a larger population of healthy cells.  

 

Key to the success was the ability to identify with unquestionable specificity the 

cell population. The use of a monoclonal antibody as a live label provided this 

opportunity. It is the basic interaction of the antibody with the antigen which 

forms the basis of all immunohistochemical techniques. We can break down the 

properties of the antibody-antigen interaction into three sections, structure of the 

antibody-antigen bonds, strength of the interaction i.e. the affinity, and the 

overall stability of the immune complex, the avidity the number of antigen 

binding sites present. In selection of a suitable antibody each aspect in turn is 

considered. Preservation of the epitope which the antibody is to bind is critical. 

The use of the VIIB2 antibody (Danto et al. 1992) as a live cell marker relied on 

the epitope being extracellular. This antibody also demonstrated very high 

specificity and avidity essential for live cell imaging as the binding of the antigen 

to the epitope should be both rapid and retain good avidity throughout the 

experimental process. A number of methods were developed to investigate both 
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the viability and the characteristics of the lung alveolar epithelium within live lung 

sections. Live immunohistochemistry was undertaken to allow the identification 

of both alveolar type one cells and alveolar type two cells. Live immuno-staining 

in peripheral tissue has not until now been described although limited 

information is available for this technique in central nervous system (Richmond 

et al. 1996; Pickard et al. 2001) 

 

The use of the LysoTracker® Green DND-26 proved the most suitable of the 

alveolar epithelial type two live cell stains for use in an unfilled lung silce. DND-

26 yielded very convincing results allowing the identification and 

electrophysiological recording of ion channels within a lung slice in the recent 

publication (Helms et al. 2008). The images collected in that study using 

LysoTracker® red in a slice model are very similar to that seen in figure 3.10 

panel B demonstrating the suitability of this vital dye as a marker for alveolar 

epithelial type two cell population in a slice model. The ability to combine precise 

identification of alveolar epithelial type one and alveolar epithelial type two cells 

in the same slice has and will continue to provide a beneficial advancement of 

our understanding of alveolar epithelial physiology.  
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3.5 Conclusion. 

 

The initial section of this chapter described the preparation of the lung slice. The 

correct choice of method was critical for the success of this project. The 

traditional agarose backfilled slices were successful but did not allow suitable 

access to the alveolar epithelial type one cell membrane. The next option was to 

investigate the use PEG 400 as a stabilizing medium. The slices produced were 

of very high quality and removal of the PEG 400 allowed access to the 

epithelium. Upon closer inspection, the PEG 400 backfilled lungs proved not as 

successful as originally thought. They lacked the required cellular viability. This 

was confirmed with the use of the LIVE/DEAD ® viability stain. The most 

successful and suitable option was production of unfilled lung slices. The viability 

of the slices was without question and I was able to provide the evidence 

required regarding the suitability of the unfilled lung slice as an experimental 

model. The unfilled lung slice was made possible by the precision engineering 

and control provided by the Integraslice ® from Campden instruments.  

 

As it was now possible to produce acute slices that were of the highest quality 

and viability, attention turned to the live cell identification of the two cells alveolar 

epithelial cell populations. It was essential that the selection of marker had 

unquestionable specificity. The alveolar epithelial type one cells were identified 

by the mouse monoclonal antibody, VIIB2, which binds to an extracellular 

epitope on the apical membrane of the alveolar epithelial type one cells. The 

selection of alveolar epithelial type two cell marker was equally important. 

Although Nile Red had proved suitable for single cells, it was not ideal for the 

slice model. However, LysoTracker® Green DND-26 however did prove a 

suitable candidate for the specific identification of alveolar epithelial type two cell 

within an unfilled lung slice.  
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In conclusion, the optimisation of production of viable acute slices, and the 

combination of specific cellular identifications, will allow the recording of 

functional ion channel recordings from identified alveolar epithelial cells within a 

lung slice. It was also possible using this model to obtain calcium imaging 

measurement using a fluorescencent Ca2+ indicator dye  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Agarose filled 200m thickness rat lung slice.  
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The image above was captured on an inverted Zeiss 410 LSM confocal 

microscope. This image was captured using a 63 X oil objective and excitation 

was via the 488 nm laser. This transmitted light image was acquired from lung 

slice of a 7-day-old rat. The white scale bar represents 30 m. The alveolar 

region can be clearly distinguished from the interstitial region. 
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Figure 3.2 Propidium iodide and VIIIB2 treated agarose filled lung slice. 

 

This image demonstrates a 200m thickness agarose filled rat lung slice. Panel 

A is the result of VIIIB2 alveolar epithelial type one specific live cell antibody 

binding. Panel B is a representation of PI staining within the lung slice. Red 

A B 

C 



 97 

nuclear stain corresponds to cells with compromised plasma membranes. Panel 

C is the overlay of both images. Images were captured with a Zeiss LSM410 

microscope. PI was excited with a 543nm laser line and the VIIIB2 was excited 

by the 488nm laser line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 HEK 293 cell line employing LIVE/DEAD® cellular viability 

assay. 

 

The above images were captured on a CellMap IC confocal attached to an 

upright Olympus BX50WI microscope. Excitation by the 488nm and 543nm laser 

lines were captured sequentially. The HEK 293 cells were treated with the 

LIVE/DEAD® viability stain as described in section 2.5.2. Panel A demonstrates 

HEK 293 cell loaded with LIVE/DEAD® vital stain. The green signal represents 

cells that show cellular viability, calcein is excited by the 488 laser line. Panel B 
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is the image captured by excitation via the 543 laser line. Panel C is the overlay 

of both images. The white scale bar represents 20 m. The cells displayed in 

panel D,E, and F have been treated with a 1% Triton X100 containing bath 

solution. Panel D displays no signal. Panel E demonstrates EthD-1 nuclear 

fluorescence Panel F is the overlay of both images. The white scale bar 

represents 5m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 PEG 400 backfilled lung slice treated with LIVE/DEAD® cell 

viability stain.  

 

A 200µm thickness rat lung slice, imaged on the CellMap IC™ confocal 10x 

magnification water dipping objective with a PEG 400 backfill. Panel A shows 

the calcein live stain, demonstrating the live cells in green (Ex488nm). Panel B 

illustrates the EthD-1 staining which identifies dead cells shown in red when 

(A) 

(D) (C) 

(B) Ex488nm Ex543nm 

Ex488nm  
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imaged with the Ex532nm laser line. In panel C is the transmitted light image 

captured with Ex488nm laser line. Panel D shows the overlay of all three 

images. In order to reduce optical aberrations, images captured as transmitted 

light image are given a blue pseudocolour by the CellMap software in the 

overlay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Confocal images of unfilled rat lung slice co-stained with 

LIVE/DEAD® viability/cytotoxicity assay kit for animal cells.  

Panel A is a 200m rat lung slice loaded with 2M Calcein AM, 4 M EthD-1 and 

excited with 488nm laser (green emission) to show viable cells. Panel B is an 

image taken from the same slice and optical section loaded with 2M Calcein 

AM, 4 M EthD-1 and excited with 532 nm, (red emission) to show the cells with 

compromised membranes. Panel C is the overlay of image A and B and 

demonstrates a high level of viability. Panel D is a 200 m rat lung slice loaded 
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with 2M Calcein AM4, M EthD-1 following a 10 minute treatment with 1% 

Triton X-100 and then excited with 488nm (green emission) to show viable cells. 

Panel E is the same slice and optical section loaded with 2M Calcein AM 4 M 

EthD-1 and excited with the 543nm laser to show the cells with compromised 

membranes. Panel F is the overlay of the images in Panel D and E. White scale  

bar represents 20m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Confocal images of rat lung slice co-stained with either live or 

dead viability stains and specific alveolar epithelial type one cell antibody, 

VIIIB2.  

Panel A shows a 200m rat lung slice incubated with the live stain (2M Calcein-AM) following 

live immunohistochemical staining with VIIIB2 primary antibody/Alexa Fluor 532 secondary 

antibody and excited at 488nm (green emission) to show living cells. Panel B shows the same 

lung slice incubated with the live stain (2m Calcein-AM) following live immunohistochemical 

treatment with VIIIB2 primary antibody/Alexa Fluor 546 secondary antibody staining at the 

alveolar epithelium type one cells. Panel C the overlay of images A and B showing that the 

VIIIB2 immunoreactivity is clearly restricted to elongated, thin cells located at the edge of the 
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alveolar space. Panel D shows a 200 m rat lung slice incubated wtih dead stain (4 M EthD-1) 

following live immunohistochemical staining with VIIIB2 primary antibody/Alexa Fluor 488 

secondary antibody and excited at 488nm (green emission) to show secondary antibody staining 

of alveolar epithelial type one cells. Panel E is the same lung slice incubated with the dead stain 

(4M EthD-1) following live immunohistochemical treatment with the primary antibody 

VIIIB2/Alexa Fluor 488 secondary antibody and excited at 532nm (red emission) to show the 

EthD-1 positive, compromised nuclei. Panel F is the overlay of both images. Scale bar 20m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Graph showing quantification of dead cells per field of view in 

unfilled lung slices loaded with LIVE/DEAD® cell viability stain. 

 

Compromised nuclei counted in lung slices from a field of view 105m X 105m. 

Three different criteria were examined. Untreated slices loaded with dead 

viability stain (4M EthD-1) and excited with the 543 nm laser, slices treated with 

1% Trition X 100 for 10 min. and subsequently loaded with Dead stain (4M 
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EthD-1) and excitated via the 543nm and third are slices that have been treated 

with VIIIB2 and then incubated with with dead stain (4M EthD-1) see panel F 

(fig 3.5). The modest, but significant 1.4-fold increase cell death evoked by live 

immunohistochemistry is quantified, which shows that VIIIB2 treatment results in 

25.3 ± 1.7 dead cells per field (n = 31) compared with 18.0 ± 0.9 in untreated 

slices (n=23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Confocal reconstructed stack of alveolar epithelial type one 

cells identified with VIIIB2 antibody in 200m thickness lung slice.  

A 200m thickness lung slice was cut using the Integraslice® in the unfilled 

configuration. After slicing was complete, the slice was incubated with the VIIIB2 

antibody followed by addition of the Alexa Fluor 488 anti mouse IgG secondary. 

The images were captured by exciting via the 488nm laser line of the CellMap 
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IC™ confocal. The slice was held in an in-house designed specimen bath of a 

BX50WI Olympus upright microscope with a X 60 water dipping objective. The 

image shows a reconstructed z stack of confocal images. Each image has a z 

resolution of 0.55m. The x and y resolutions is 2048 pixels X 2048 pixels and 

the complete image is the combination of 127 individual optical sections. The 

white scale bar represents 20m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Confocal image of lung slice treated with Nile Red vital stain. 
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A 200m thickness agarose filled lung slice was imaged on a Zeiss LSM 410 

inverted confocal microscope. Panel A is a transmitted light image of a lung slice 

treated with 1g.ml-1 Nile Red. The image was captured with 543nm laser, no 

filters were present in the light path. Panel B is a confocal imaged of a lung slice 

treated with 1g.ml-1 Nile Red containing physiological solution. The image was 

captured by excitation with the 534nm laser and allowed the collection of 

fluorescence signal by using a long pass 560 nm filter. Panel C is the digital 

overlay of the images. The alveolar space is also labelled. The white arrows 

indicate regions of Nile Red accumulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 A confocal image of live cell identification in a lung slice of 

alveolar epithelial type one and alveolar epithelial type two cells.  
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An unfilled rat lung slice of 200m thickness was imaged on an Olympus 

BX50WI upright microscope with a BioRad/Zeiss Cellmap IC confocal. Panel A 

shows a slice loaded with lyso tracker green DND-26 stain (50nM) and treated 

with VIIIB2 mouse monoclonal antibody (Alexa Flour 543nm secondary 

antibody). Excitation with the 488nm laser, showing localisation of DND-26 to 

alveolar epithelial type two cell. Panel B shows the same slice excited with the 

543nm laser, showing the localisation of red signal to the alveolar epithelial type 

one cell membrane. Panel C is the digital overlay of these images.  

 



 

 

 

 

 

 

Chapter 4 

 

Electrophysiological investigation of identified 

alveolar epithelial type one cells in a lung slice. 
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Introduction.  

 

The application of cellular electrophysiology can be described as the 

investigation of electrical properties of cell membranes and their functional 

significance. A critical aspect determining the function a cell will play in an organ 

involve the specific proteins associated with the membrane of the cell. The 

cellular membrane is composed of a lipid bilayer and its membrane proteins, 

including ion channels and carriers with highly specific in functions. Ion channels 

are ubiquitously expressed and provide a very selective route for ions to pass 

between the extracellular space and the cytoplasm. In order for the cell to 

function, it must maintain the ionic concentration of the cytoplasm while allowing 

the transport of specific solutes and ions, back and forth across the membrane. 

This is achieved with the help of transport proteins which can be split in to three 

main groups pumps, channels and carriers. Ion channels are subdivided into 

“channel families” and the criteria are based upon molecular structure.  

 

The patch clamp technique (Hamill et al. 1981) requires the formation of a high 

resistance seal between the glass micropipette and the cellular membrane by 

careful positioning. In order to obtain useful electrophysiological data the high 

resistant seal establishes a closed compartment independent of the extracellular 

solution. This experimental technique allows the investigator to electronically 

isolate the currents measured across a membrane patch. Although a number of 

patch clamp configurations exist, the cell-attached configuration was determined 

the most appropriate configuration to study the single channel activity of the 

alveolar epithelial type one cell apical membrane.  

 

There has been a rapid advancement in scientific investigation and 

understanding of the physiology of the alveolar epithelium and the molecular 

mechanisms over the past 30 years. The investigation into the mechanisms 

underlying the ion movement and liquid transport in the lung has used a wide 

range of species and experimental models. With the alveolar epithelium covering 

99% of the surface area of the gas exchange region of the lung (Crapo et a.l 

1983), it has an extensive and unique contact with the exterior environment. The 

recent advances in understanding of the molecular composition of the alveolar 
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epithelium allows a greater insight into how the fluid in the lung is maintained 

through out both normal and pathological situations (for review see Dobbs and 

Johnson 2007; Kemp and Kim 2004; McElroy and Kasper 2004). Previous patch 

clamp investigations have been restricted to isolated alveolar epithelial type two 

cells but functional electrophysiological data ahs been presented from alveolar 

epithelial type one cells (Bourke et al. 2005; Johnson et al. 2006; Helms et al. 

2006; Helms et al. 2008).  

 

Direct electrophysiological evidence of functional ion channels present in 

alveolar epithelial type one cells did not exist in the literature prior to the 

completion of this study (Bourke et al. 2005). There have been a number of 

difficulties in producing functional ion channel recordings from alveolar epithelial 

type one cells. Isolated alveolar epithelial type one cells have a fragile 

membrane. It had been found to be particularly difficult to isolate them directly 

and they appear unsuitable for patch clamp experiments even if successfully 

isolated. Considering this, only one paper in contained in the literature reporting 

electrophysiological recordings from isolated alveolar epithelial type one cell 

(Johnson et al 2006) the results of that study are discussed below. Furthermore, 

it has proved difficult to generate electrically tight confluent monolayers of 

isolated alveolar epithelial type one cells on a permeable supports, making 

Ussing chamber experiments unreliable (personal communication, Dr KJ Kim, 

University of Southern California, Los Angles, U.S.A.). It is only in recent times 

that alveolar epithelial type one cell specific markers have been used 

successfully in living cells (Bourke et al. 2005; Helms et al. 2006; Helms et al. 

2008), making the electrophysiological measurement of ion channels from 

identified alveolar epithelial type one and type two cells within a lung slice 

preparation a reality only in the past 4 years (Bourke et al. 2005; Johnson et al. 

2006; Helms et al. 2006; Helms et al. 2008).  

 

Evidence for ion channel activity in isolated alveolar epithelial type one cell 

preparations has been difficult to produce. However improved isolation methods, 

permitted Johnson et al. (2006) to demonstrate directly, via electrophysiological 

recording, that isolated alveolar epithelial type one cells contain the functional 

ion channels required to play an important role in fluid homeostasis within the 
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lung. They identified a highly selective cation channel and a non-selective cation 

channel with measured unit conductances of 4-5 pS and 21pS respectively; both 

demonstrating amiloride sensitivity, suggesting the presence of ENaC channels 

within the apical membrane of alveolar epithelial type one cells. These 

observations were reinforced by western blot analysis, which demonstrated the 

presence of , , and  ENaC subunits in alveolar type one cells in situ. 

Furthermore, the presence of the cystic fibrosis transmembrane regulator 

(CFTR) within alveolar epithelial type one cells was also demonstrated using 

cell-attached patch-clamp recordings, western blot and immunohistochemistry. 

In addition, the presence of a cyclic nucleotide-gated cation channel, which had 

a unitary conductance of 2.9pS, P Na+ : P K+ of 1, was insensitive to amiloride 

was and stimulated (in a Ca2+-free bath solution) by application of analogues of 

cGMP. A potassium channel was also reported, which had a unitary 

conductance of 15-16pS, and demonstrated Ba2+ sensitivity (Johnson et al. 

2006).  

 

The use of the lung slice has proved a valuable research model for the study of 

the alveolar epithelium, as outlined in this chapter (Bourke et al. 2005) and the 

publications by the Helms in 2006 and 2008. Indeed, this preparation has greatly 

advanced our knowledge of ion channel activity present in both alveolar 

epithelial type one and alveolar epithelial type two cells. Using the cell-attached 

configuration of the patch-clamp technique, have demonstrated the presence of 

two Na+ channels, a highly selective cation channel and a non-selective cation 

channel, within the apical membrane of identified alveolar epithelial type one 

cells (Helms et al. 2006). They reported mean unitary conductances of 8.2 ± 2.5 

and 22 ± 3.2 pS, respectively, for these channels, which correspond to the 

published data for ENaC ion channels from other epithelial cells (For example, 

Jain et al. 2001; Chen et al. 2005, Anantharam and Plumber 2007) and in a 

recombinant system (Ruffieux-Daidié et al. 2008). Both of these channels 

demonstrated amiloride sensitivity within the identified cells and measured 

reductions in channel NPo following “addition” of 25nM amiloride from 

0.481±0.126 to 0.0186± 0.003; the amiloride-sensitivity was tested using a 

“pipette diffusion method”, which allowed a control-recording period to be 
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obtained before the effect of the diffusion of amiloride to the channel was 

assayed.  

 

Further, Helms et al (2008), have demonstrated the first recordings from alveolar 

epithelial type two cells in situ from a lung slice preparation (Helms et al. 2008). 

The biophysical properties of the single channel events recorded from within the 

slice validate published ion channel activity observed in the primary isolated cell 

preparation (Jain et al. 2001; Chen et al. 2002, Anantharam and Plumber 2007). 

They demonstrated the presence of both highly selective and non-selective 

cation channel activity and suggested they were important to the net Na+ ion 

transport across the alveolar epithelium. The average conductances were 

measured as 8.8 ± 3.2 pS and 22.5 ± 6.3 pS, respectively. There was also an 

apical membrane anion channel with a conductance of 10pS. A difference in the 

response to nitric oxide (NO) donner, PAPA-NONOate (1.5M), was observed in 

the ENaC ion channel activity between the alveolar epithelial type one and type 

two cell populations. The NPo of the alveolar epithelial type one cell was not 

effected by this application. However, there was a significant reduction in the 

NPo value for alveolar epithelial type two activity, from 1.38 ± 0.26 to 0.82 ± 0.16. 

These results provide further evidence that alveolar epithelium plays an 

important role in maintaining ion fluid balance in the lung.  

 

In previous chapters, the optimisation and viability of the ling slice, along with 

live cell labelling of alveolar epithelial type one cells and alveolar epithelia type 

two cells, have been presented. This chapter describes the first recordings of 

functional ion channels from such identified alveolar epithelial type one cells in 

an unfilled lung slice model. The culmination of these methods has allowed the 

measurement of single channel events recorded from the apical membrane of 

identified alveolar epithelial type one cells from an in situ lung slice preparation. 

The development of this experimental technique will prove to be instrumental in 

furthering the understanding of the physiological function of the alveolar 

epithelial type one cell in lung fluid homeostasis in health and disease.  
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Results. 

 

4.1 Locating and positioning of patch electrodes within the lung slice 

following identification of alveolar epithelial type one cells.  

 

Figure 4.1 is an image of the patch electrode in contact with the apical 

membrane of an identified alveolar epithelia type one cell in a live lung slice 

200µm thickness. Such a methodology permitted the first ever-reported 

electrophysiological recordings from alveolar epithelial type one cells in situ 

(Bourke et al. 2005). Panel A of figure 4.1 illustrates the use of the mouse 

monoclonal antibody, VIIIB2, to label specifically living alveolar epithelial type 

one cells. This antibody binds to the apical membrane of alveolar epithelial type 

one cells exclusively (Danto et al. 1992). Visualisation under both epi-

fluorescence and by confocal imagining was clearly detectable. The image seen 

in panel B is a 1µm z resolution confocal image of the recording electrode; for 

illustrative purposes, the recording electrode had a bolus of Alexa Fluor 546 

antibody included in the solution. The 1m confocal optical section, when 

excited via the 534nm laser, assists in demonstrating the contact point at the tip 

of the recording electrode with the lung slice.  

 

Panel C visually demonstrates the problems encountered when observing a lung 

slice under transmitted light. Although 95% of the epithelium is covered by 

alveolar epithelial type one cells, the use of the VIIIB2 live labelling serves as an 

invaluable research tool in positioning the patch electrode. The patch-clamp 

electrode is clearly visible in the image, along with the microstructure of the lung 

slice. In this particular image there is no emission or excitation filters present, 

and the image was captured using the 488nm excitation laser. Panel D 

represents the overlaid images of panels A, B, and C. This demonstrates clearly 

that the tip of the patch-clamp electrode is in direct contact with the identified 

alveolar epithelial type one cell apical membrane. The blue background is 
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created by the software and represents the transmitted light image seen in panel 

C. This image visually demonstrates that it is possible to manoeuvre a patch 

clamp microelectrode to a position where it can make contact with an identified 

alveolar epithelial type one cell within a lung slice. 

Use of the unfilled model increases the opportunity of accessing the alveolar 

epithelial apical membrane. 

 

4.2 Electrophysiological recordings from identified alveolar epithelial type 

one cells in the lung slice.  

 

Using the cell-attached patch-clamp configuration, single channel currents could 

be recorded from VIIIB2 immunoreactive cells within a 200m thickness lung 

slice. Figure 4.2.A and 4.2.B are exemplar recordings from two different animals 

showing that a variety of ion channels are present within the epithelium. The 

voltage protocol was as follows: cells were patched-clamped in the cell-attached 

mode and were held for 40 milliseconds at 0 mV, a step was made to –70 mV 

and the voltage was increased in a ramp fashion for a time period of two 

seconds to a value +90 mV before being stepped back to –70mV for 40 

milliseconds. These data were recorded using the high K+ solution (see section 

2.3.1). Figure 4.1. C represents the magnified portion of the trace identified by 

the red lines seen on figure 4.2 panel A. Figure 4.2. panel D represents a 

magnified portion of the trace identified between the green lines seen on figure 

4.2. panel B. The recordings shown here, produced from the ramp protocol, 

demonstrate that it is possible to record functional ion channel currents from 

alveolar epithelial type one cells using the lung slice experimental model. This 

particular ramp protocol was chosen in order to identify the presence of voltage-

activated ion channel population within the alveolar epithelium type one cells. 

These traces have not been leak-subtracted and show the presence of ion 

channel activity across the entire voltage range. 

 

4.3 Cell-attached, gap-free, patch-clamp recordings from identified alveolar 

epithelial type one cells in a lung slice. 
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In order to investigate and characterise the ion channels present in alveolar 

epithelial type one cells it was necessary to make a change to the recording 

protocol. A gap-free voltage protocol was undertaken to allow the continuous 

recording of single channel activity. 

 

Figure 4.3 represents a family of currents recorded in the cell-attached 

configuration from an identified alveolar epithelial type one cell in a rat lung slice. 

The holding voltage was changed in a stepwise manner from –100mV to +30mV 

and the current was filtered at 200Hz in order to capture the single channel 

events. Single channel openings could be resolved at the each voltage step. 

There was a cocktail of channel blockers present in the patch pipette, which 

aimed to block ENaC, chloride channels and the majority of potassium channels 

(see section 2.3.1.2 for details). Under these stringent recording conditions, the 

resultant family of single channel currents are seen in figure 4.3. 

 

The changing of the membrane potential resulted in activation of a small 

conductance channel (figure 4.4 Panel A). This figure is representative of data 

recorded from three individual cells from three different lung slices. Figure 4.4 

demonstrates that the channel exhibits a voltage-dependence with the reverse 

potential seen at around –60 to –70 mV, which is close to EK under the 

conditions which the records were acquired. The current-voltage relationship for 

these channels, as shown in figure 4.4, demonstrates this alveolar epithelial type 

one cell a channel has a mean unitary conductance of 21± 3 pS. Figure 4.5 is a 

plot of the open state probability and channel number (NPo) versus voltage 

relationship of the same channel and shows that the channel activity was 

voltage-dependant, activating at potentials more positive than –40mV.  
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4.4 Discussion.  

 

To date, our understanding of the electrophysiology of the alveolar epithelium 

has relied almost entirely on the information gathered from either freshly isolated 

or cultured alveolar epithelia type two cells. The results presented in this chapter 

represents the first demonstration that it is possible to record successfully 

functional ion channels from positively identified, living alveolar epithelial type 

one cells from within an in situ unfilled lung slice preparation. The traditional view 

has been that the alveolar epithelium plays a role in generating the active Na+ 

driving force, which is then harnessed to promote osmotic fluid reabsorption of 

fluid from the airspaces. Based on my electrophysiological data, and the 

electrophysiological data from other laboratories over the past 3 years, it is clear 

that alveolar epithelial type one cells have the potential to play an active role in 

fluid lung homeostasis. The alveolar epithelial type one cells express -

adrenoreceptors (Liebler et al. 2004), the entire family of ENaC ion channel 

subunits and electrophysiological properties (Borok et al. 2002; Johnson et al. 

2006; Hemls et al. 2006) and the picture of how the alveolar epithelial type one 

cells contribute to alveolar homeostasis is slowly becoming clear.  

 

The unfilled lung slice provides a valuable experimental model for the study of 

the alveolar epithelium in as close to in vivo experimental conditions as is 

currently possible for electrophysiological investigations. Figure4.1 provides an 

elegant example of the strengths provided by the live immunohistochemical 

labelling of alveolar epithelial type one cells. There can be no question as to the 

position of the recording electrode tip contact point and the specificity of the 

VIIIB2 mouse monoclonal antibody to label the apical membrane of the alveolar 

epithelial type one cell. Close inspection of the confocal overlay image in panel 

D provides the most vivid image of the value of live labelling. A number of 

technical factors were critical to obtaining these first functional recordings from 

identified alveolar epithelial type one cells. The use of a long working distance, 

dipping objective lens was critical as it allow excellent image resolution and 
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subsequent positioning of the electrophysiological recording electrode onto the 

alveolar epithelium. Due to the shallow angle of approach of the patch electrode 

that is required when using a non-inverted microscope, there was a limited area 

within the slice where recordings could be made. However, the in-house design 

of the specimen bath allowed straightforward rotation of the slice, thus facilitating 

good access to numerous regions within the slice.  

 

Resolving single channel electrophysiological events requires very low electrical 

noise level. The exemplar traces seen in figure 4.2 and 4.3 demonstrate that 

single channel events could be resolved easily from the baseline noise level, 

which was < 0.5 pA. Reduction of electrical noise is a culmination of number 

independent factors. The selection of a high quality borosilicate pipette glass for 

recording electrodes was essential (Levis and Rae 1993) and made possible the 

manufacture of high resistance recording electrodes. The electrodes were also 

coated in Sigmacote  (Sigma-Aldrich), a hydrophobic liquid, which reduced the 

noise associated with liquid rising, via capillary action, up the outside of the 

electrode. A shallow bath level was maintained throughout the recording and 

making the recording in the “stop bath” configuration eliminated artefacts 

associated with perfusion. The choice of amplifier and associated head stage 

was also a contributing factor. The use of a capacitive feedback headstage 

(Multiclamp, Axon Insturments) was very useful in this regard as the noise level 

was very low; as there is a capacitor present in the feedback circuit of the 

current to voltage converter, this creates a circuit which acts as an integrator. 

This system can result in up 30% reduction in noise when other sources are 

minimised (Ogden and Stanfield 1994). It was also essential that the entire 

electrophysiological set up was properly grounded. This was achieved by a 

systematic check of each component and connecting each to a central earthing 

point, which was connected to the patch-clamp amplifier. These measures 

enabled the recording of cell-attached single channel patch-clamp 

electrophysiological data.  

 

The exemplar traces shown in figure 4.2 demonstrate the presence of voltage-

activated ion channels. There may have been more than one family of ion 
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channels present since the different amplitudes were present simultaneously 

(Panels C and D). Channels were activated across the entire voltage range. It 

was clear that in order to characterise fully the ion channels present, a 

combination of pharmacology and ion replacement would be required. The 

cocktail of pharmacological agents was selected to block any ion channel that 

had been demonstrated via other experimental methods. The inclusion of a TEA 

at 10mM blocks the majority of K+ selective channels, 100m niflumic acid 

blocks chloride channels, 10m amiloride blocks the ENaC Na+ channel. Ion 

replacement (sodium isethionate in place of NaCl) was also employed to reduce 

the possibility of contamination of chloride channels. The result of these 

additions is seen in figure 4.3. These data represent the first published ion 

channel activity recorded from alveolar epithelial type one cells (Bourke et al. 

2005). The reversal potential of these channels (see figure 3.4) indicates that 

they are primarily permeable to potassium. However, the contribution of other 

ions cannot be completely ruled out. This channel, which is expressed at the 

apical membrane of the alveolar epithelia type one, had a measured mean 

conductance of 21±3 pS and was a voltage-activated. These characteristics 

suggest that the most likely potassium channel candidate underlying these cell-

attached currents belong to the Kv family, perhaps Kv1.7, KCNA7 (Coetzee et 

al. 1999; Davies and Kozlowski 2002). The Kv1.7 is the most recent member of 

the Kv 1 voltage-activated potassium ion channel family to be cloned and is 

highly expressed in skeletal muscle, heart and kidney (Kashuba et al. 2001). 

 

Kv 1.7 has also been identified in lung tissue (Coetzee et al. 1999; Davies et al. 

2001). The main physiological function of the potassium channels within the 

alveolar epithelium is control of membrane potential and maintenance of the 

driving force for transepithelial ion and liquid transport. The potassium channels 

are essential in preventing cell depolarization during the periods of Cl- efflux and 

Na+ influx (O’Grady et al. 2003). Kv 1.7 has been identified in rat lung pulmonary 

arteries by PCR, but this particular study did not report or investigate the 

expression of this channel in the alveolar epithelium. Potassium channels have 

been identified at the apical and basolateral membranes of both the alveolar 

epithelial type one and alveolar epithelial type two cells (review see Bardou et al. 
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2009). However, the function of a large number of the identified cells still 

remains to be elucidated. The presence of a 15-16 pS potassium channel in the 

isolated type one cells has recently been reported (Johnson et al. 2006) and is 

similar in amplitude (21 ± 3 pS) to the channel reported in this chapter. The 

exact physiological role of Kv1.7 in alveolar epithelium remains to be elucidated 

and will require the use of new genetic models to investigate thoroughly.  
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Conclusion.  

 

The data presented in this chapter demonstrate the first published 

electrophysiological data obtained from alveolar epithelial type one cells. It 

further confirms that the unfilled lung slice is a suitable experimental model for 

understanding of the alveolar epithelium at a functional level. To obtain these 

data required the optimisation and combination of a number of experimental 

techniques. The inherent strengths of this experimental technique are that it 

allows the retention of cell-to-cell interactions and maintains the viability of the 

alveolar epithelial type one cell and type two cell populations. Patch-clamp cell-

attached ramp recordings demonstrated the presence of voltage-activated ion 

channels in the apical membrane of identified alveolar epithelial type one cells. 

Recordings made using the gap-free voltage protocol and under stringent 

recording conditions allowed the characterisation of a K+ selective voltage 

activated ion channel with a mean conductance of 21pS. This experimental 

technique provides the opportunity to characterise fully the ion channels present 

in the apical membrane of the alveolar epithelium, essential in understanding 

mechanisms involved in alveolar flooding and lung fluid homeostasis.  
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Figure 4.1 Confocal image of a cell-attached patch-clamp recording in a 

lung slice following identification of alveolar epithelial type one cells with 

VIIIB2. 

 

Panel A shows a 1m z-resolution confocal image of a 200m thickness rat lung 

slice immunohistologically stained with the VIIIB2 antibody and Alexa 488 

secondary antibody, excited via the 488nm laser. Panel B shows the same 1m 

z-resolution confocal image of a patch clamp pipette with a bolus of Alexa Fluor 

546 antibody (1:400), excited via the 543nm laser. Panel C is the transmitted 
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light image of the slice and pipette in contact with the alveolar epithelium. Panel 

D is the overlay of all images. The slice was imaged on an Olympus BX50WI 

upright scope with a 63X water dipping objective and CellMap IC confocal 

attachment. The scale bars represent 20m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Cell-attached recordings from an identified alveolar epithelial 

type one cell in the lung slice employing high K+ solution. 

 

Representative cell-attached patch-clamp data recorded from identified alveolar 

epithelial type one cells with two distinct conductances. Panels A and B are 

exemplar traces of voltage activated channel activity. The ramp runs from –70mv 

to +90mv over a 2 second period. The scale bars represent 20pA and 400ms. 

Respectively. Panel C and D represent the expanded periods identified by the 
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red (Panel A) and green (Panel B) lines, respectively. The open and closed 

states of the channel are shown, upward deflections from the closed state are 

outward currents. The scale bars associated with panel C represent 5pA and 

100ms, and those associated with panel D are 20pA and 100ms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Cell-attached single-channel recordings from identified alveolar 

epithelial type one cells in rat lung slice.  

 

Representative family of cell-attached currents recorded from an alveolar 

epithelial type one cell, identified by live immunohistochemistry in a rat lung 

slice. Single channel activity was recorded in the cell-attached configuration of 

the patch-clamp technique using the high K+/low Cl pipette solution (see 
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2.4.1.2) with 10M amiloride, 100M niflumic acid and 10mM TEA. Currents 

were recorded at –100, -90, -80, -30, -10, 0, +10, +20, +30mV potentials, 

indicated to the left of each trace and were filtered at 200Hz. L1, L2 and L3 

channel open levels 1,2 and 3, respectively, whilst C indicates the channel 

closed level.  

 

Figure 4.4 Current-voltage relationship from the channels identified in 

alveolar epithelial type one cells in a rat lung slice.  
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Graphical representation of the cell-attached single channel current amplitude (y 

axis) versus membrane voltage (x axis). The values were obtained from three 

individual cells from three different slice preparations. A mean single channel 

conductance of 21±3 pS was calculated by regression. 
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Figure 4.5 Voltage-dependence of the single channels recorded from 

identified alveolar epithelial type one cells in a lung slice.  
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NPo plot of the channel recorded from identified alveolar epithelial type one cells 

three different slice preparations. The NPo values were measured over a range 

of membrane holding potentials. A graphical representation of NPo (y axis) 

versus membrane voltage (x axis). 

 



 

 

 

 

 

 

Chapter 5. 

 

Measuring calcium signals in living rat lung 

slices.  
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Introduction. 

 

Calcium is a ubiquitous second messenger that regulates a number of cellular 

processes in both excitable and nonexcitable cells (Berridge 2008; Abraham et 

al. 2001; Ashino et al. 2000). A number of key methodological advances has 

allowed a rapid progress over the past 25 years to our understanding of the 

mechanisms involving calcium homeostasis. Advances in imaging, both at 

hardware and software levels, coupled to the introduction of biological 

fluorescent ion indicator probes e.g. fura 2 and Fluo3 and Fluo4, has made it 

possible to visualise, in real time, the physiological role played by Ca2+ and 

associated proteins, within an organ (Kuebler et al. 2007, Ashino et al. 2000), 

individual cell (Tsien 1983, Clunes and Kemp 1996, Isakson et al. 2003, Lee et 

al 2006), organ slice (Bourke et al. 2003, DeProost et al. 2008) and cellular 

organelles (Haller et al. 1998, Wang et al. 2004). Ca2+ indicator dyes have seen 

significant developments and this has lead directly to reliable and convenient 

indicators of intracellular Ca2+ ion concentration that have proved invaluable in 

the progression of many fields within biomedical research. A number of 

fluorescent dyes are in mainstream scientific use and this, combined with the 

increase of affordable imaging systems, has resulted in a greater understanding 

of the physiological role of Ca2+. The field of respiratory physiology has also 

benefited, like all other areas of biology, directly from such advancement 

allowing the demonstration key processes that are calcium dependant such as 

surfactant release at a cellular level (Haller 1999) and micromechanic studies of 

alveolar in the whole lung (Lindert et al 2007).  

 

The importance of Ca2+ is clear and measured values for Intracellular calcium 

concentrations in cells range from 10-7 to 10-5 M. Extracellular concentration of 

calcium is about 2 × 10-3 M (2 mM). Therefore, there is a chemical gradient for 

calcium to diffuse into the cell. As with all ion gradients within biology it is 

coupled with the negative membrane potential of cells therefore Ca2+ also is 

under the control of an electrical driving force that help bring Ca2+ into the cell. 

Ca2+ is of course required to be removed from the cell also as a sustained 

increase would lead to cellular dysfunction.  
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Calcium is removed from cells by two basic mechanisms. The first mechanism 

involves an ATP-dependent Ca++ pump that actively removes calcium from the 

cell (see figure at right). The second mechanism is the sodium-calcium 

exchanger. The exact mechanism by which this exchanger works is unclear. It is 

known that calcium and sodium can move in either direction across the 

sarcolemma. Furthermore, three sodium ions are exchanged for each calcium; 

therefore this exchanger generates an electrogenic potential. The direction of 

movement of these ions (either inward or outward) depends upon the membrane 

potential and the chemical gradient for the ions. When the membrane potential is 

negative (e.g., in resting cells), the exchanger transports Ca++ out as Na+ 

enters the cell. When the cell is depolarized and has a positive membrane 

potential, the exchanger works in the opposite direction (i.e., Na+ leaves and 

Ca++ enters the cell). 

 

We also know that an increase in intracellular sodium concentration leads to an 

increase in intracellular calcium concentration through this exchange. This has 

important physiological implications. One example of this occurring is when the 

activity of the Na+/K+-ATPase pump is decreased. This energy requiring, ATP-

dependent pump transports sodium out of the cell and potassium into the cell.  

When the activity of this pump is reduced, for example, by cellular hypoxia 

(which causes ATP levels to fall) or by chemical inhibitors of this pump such as 

digitalis, then intracellular Na+ concentrations increase. One way to envision 

how this affects Ca++ exchange is that the increased intracellular Na+ reduces 

the concentration gradient of Na+ across the sarcolemma, which reduces the 

inward movement of Na+ down its concentration gradient via the exchanger.  

This, in turn, reduces the outward movement and exchange of Ca++, which 

leads to an accumulation of intracellular calcium. This is the mechanism by 

which digitalis increases cardiac inotropy. Under hypoxic conditions, the 

enhanced calcium concentrations cannot increase inotropy because of the lack 

of ATP; however, the increased intracellular calcium (termed calcium overload) 

can damage mitochondria and alter cellular function.  

 

Ca2+ signalling contributes to a number of different biological events. A rise in 

Ca2+ concentration is generally a global event and often recruits Ca2+ entry from 
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extracellular fluid as well as Ca2+ release from stores (Berridge, M.J. 2008). 

However, smaller dynamic Ca2+ events occur within the cell allowing Ca2+ to 

effect certain biological processes, for example contraction of smooth muscle via 

the action of Ca2+ activated currents. Central to an understanding of Ca2+ 

homeostasis within the cell is an understanding of the structure and function of 

the Ca2+ stores within the cell. The main Ca2+ store is the endoplasmic reticulum 

(ER), an organelle that forms an extensive network believed to be in close 

apposition with the plasma membrane (Clapham 2007). The ER must rely on 

Ca2+ pumps to transport Ca2+ across its membrane, and the 

sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) pump pumps Ca2+ 

against the electrochemical gradient. SERCA rely on ATP as their energy source 

in the transport of Ca2+ into the stores. The roles of the ER include Ca2+ uptake 

and storage to maintain a relatively low cytosolic Ca2+ concentration but also 

Ca2+ release back into the cytoplasm through specialised release channels, 

ryanodine receptors (RYR) and IP3 receptors (IP3R) channels (Carafoli 2002). 

 

Ryanodine receptors are activated by both micromolar Ca2+ and caffeine and 

blocked by ryanodine and ruthenium red. Release of Ca2+ from the RYR can 

cause a very transient local elevation in Ca2+, which have become know as Ca2+ 

sparks (Carafoli 2002; Berridge 2008; Clamham 2007). The release of Ca2+ from 

the ER by IP3R channel and the opening of a small cluster of these channels 

have been implicated in creating a Ca2+ idea of the “Ca2+ puff”. The spike-like 

events of the IP3R can lead a “Ca2+ waves” in which the Ca2+ at the initial site 

diffuses to nearby stores to activate them to release Ca2+, which in turn diffuses 

further outward to hit additional stores, this is a form of Ca2+ induced Ca2+ 

release. The current thinking suggests that waves rely on RyR for initiation and 

IP3R for propagation (Berridge 2008).  

 

Critical to alveolar epithelial function is the release of surfactant from the lamellar 

bodies of alveolar type two cells, which relies on a Ca2+-dependant step (Haller,  

et al. 1998; Ashino et al. 2000). The phospholipid-rich surfactant is critical in 

reducing the surface tension at the alveoli and preventing collapse of the lung air 

space, which allows efficient gas exchange at the alveolus. The release of the 

pulmonary surfactant is brought about by exocytosis of the lamellar bodies within 
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alveolar epithelial type two cells (Hollingsworth et al. 1984). Haller et al. (1998) 

demonstrated directly by imaging rises increase in Ca2+ indicator dye, at a single 

cellular level, that the onset of exocytosis upon agonist stimulation essentially 

coincides with intracellular Ca2+ signal in the majority of isolated primary alveolar 

epithelial type two rat cells.  

 

Haller (1998) provided practical information in regards to a number of 

methodological aspects that transfer to the lung slice model directly. The use of 

LysoTracker® Green (Molecular Probes) was demonstrated as an effective 

molecular marker of alveolar epithelial type two cell lamellar bodies in the pre-

exocytotic stage. The localization of the LysoTracker® Green to the lamellar 

bodies is a result of the acidic nature of the intralamellar space (Wadsworth et al. 

1997) and upon exocytosis the shift in pH results in a loss of fluorescence. The 

use of FM1-43 (Molecular Probes) as a specific lamellar body stain was also 

investigated and shown to emit a fluorescent signal upon the fusion of the 

lamellar body with the membrane lipid bilayer (Ashino 2001 et al.). It was also 

possible to measure the speed of exocytosis in the presence and absence of 

agonists. There was a three-fold increase in fluorescence intensity of FM 1-43, 

and a similar reduction of in the intensity of LysoTracker® Green upon 

stimulation. ATP and isoproterenol were added to the bath solution as a means 

to stimulate exocytosis; simultaneous Ca2+ measurements, using fura-2, with 

and FM 1-43, revealed a rapid increase in Ca2+ upon stimulation within a matter 

of seconds and also that the lamellar body exocytose, which demonstrates the 

Ca2+-dependant step involved in surfactant release from alveolar epithelial type 

two cells.   

 

In order to gain a more complete understanding of the molecular physiology of 

the lung, it is vital to use a number of experimental model systems. Whole organ 

model systems are a complex and time consuming preparation but provide a 

valuable tool for understating the entire organ response to particular stimuli and 

pharmacology. Leading the way in whole lung Ca2+ imaging is the Bhattacharya 

laboratory. Their success in producing whole lung Ca2+ imaging studies has 

demonstrated that there is a pressure-sensitive component within the lung 

capillaries, and an increase in the Ca2+ indicator dye signal could be detected in 
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the whole lung model upon increasing the pressure in this model (Kuebler et al. 

2002). Within the literature there is direct evidence demonstrating that the lung 

slice model can produce functional Ca2+ indicator measurements. As described 

in the previous paragraph, there is a Ca2+ dependant process in the exocytosis 

of surfactant and this was also demonstrated elegantly by Ichimura in 2006 

utilizing a real-time digital imaging in conjunction with photo-excited Ca2+ 

uncaging on intact alveoli of isolated, blood-perfused rat lung (Ichimura et al. 

2006). The development of a model to investigate a number of aspects of the 

murine lung slice by Professor Sanderson has led to publications on both the 

ciliary beat frequency and smooth muscle Ca2+ signals in the lung slice (Bai and 

Sanderson 2006; Bergner and Sanderson 2002). Both of these publications, and 

other studies in other organ slices, demonstrate that important biological and 

physiological questions can be answered with the optimisation and development 

of Ca2+ imaging in lung slices. More recently, DeProost and colleagues have 

undertaken investigation into the physiological role of neuroepithelial bodies 

(NEB) by means of a lung slice. They have demonstrated the ability of the lung 

slice to respond to a number of bath applied stimuli e.g. High K+ solution and 

ATP. Their findings clearly demonstrate the importance of studying the 

pulmonary NEB microenvironment as a functional unit (DeProost et al. 2008 ). 

 

The development of Ca2+ sensitive dyes has revolutionized our understanding of 

physiological role that Ca2+ signals play in normal homeostasis. A number of ion 

sensitive substances have been developed. In this particular study fluo 3 was 

the probe of choice. It was introduced in 1989 (Kao et al 1989) and since the fluo 

3 imaging has revealed the spatial dynamics of many elementary processes in 

Ca2+ signaling. The most important properties of fluo 3 is it absorption spectrum 

that is compatible with excitation at 488nm by agron-ion laser sources and a 

very large increase in fluorescent intensity upon binding of differences in ionic 

strength, pH, viscosity and Ca2+ buffering by intracellular lipids and 

proteinsFluo-3, fluo-4 and their derivatives all exhibit large fluorescence intensity 

increases on binding Ca2+. Unlike the ultra -violet light–excited indicators fura-2 

and indo-1, there is no accompanying spectral shift. The fluorescence intensity 

increase on Ca2+ binding is typically >100-fold (Harkins et al 1993). A number of 

important values have been ascertained for fluo 3, firstly it has dissociation 
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constant (Kd) from Ca2+ as listed by the manufacturer of 350nM. However this 

value is very variable can the results obtained a biological system are highly 

variable, Kd in situ varies considerably due to differences in ionic strength, pH, 

viscosity and Ca2+ buffering by intracellular lipids and proteins. Fluo 3 has an 

absorption maximum value of 506nm in the presence of bound Ca2+ and an 

emission maximum value of 526nm when bound with Ca2+. The development of 

brighter probes e.g. Fluo 4 has been an advantage to imaging even more 

challenging experimental models.  

 

The aim of this chapter was to develop a technique to undertake functional Ca2+ 

indicator measurements within a 200m thick agarose filled lung slice and to 

optimise the acquisition of data by means of a LSM 410 microscope. I aimed to 

image physiological events within the alveolar epithelium and to manipulate 

them with addition of pharmacological stimuli in order to understand further the 

role which Ca2+ plays in alveolar epithelial function.  
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Results 

 

5.1. Confocal scanning microscope line-scan imaging of Fluo-3 in living rat 

lung slices.  

 

There are a number of scanning protocols available within the of the Zeiss LSM 

software to obtain physiological data using a Ca2+ indicator dye. The first 

scanning method that was selected in this investigation, to see if functional Ca2+ 

responses could be recorded, was the line scan. The beauty of a line scan is 

that it can provide a very rapid and easily undertaken measure of Ca2+ activity in 

a time-lapse manner. In simple terms, it is a scan in one dimension over a 

selected linear region and the resultant signal is captured as a confocal image, 

with the usual rules of confocal acquisition applying, as described in chapter 

one. It is suitable for rapid investigation and ideal to provide ”first look” 

information.  

 

Figure 5.1 illustrates the pattern of loading of Fluo-3 dye within the lung slice of 

200m thickness as described in section 2.6. The Sanderson laboratory has 

previously demonstrated the ability to measure Ca2+ signalling events in a lung 

slice. Their investigation focused initially on murine airway smooth muscle 

(Berger and Sanderson 2002) followed by investigation into ciliary beat 

frequency and intracellular calcium in rabbit lung slice (Zhang. and Sanderson 

2003). Direct measurements of Ca2+ in the alveolar epithelial type one cells have 

not been reported in a lung slice model. In order to optimise this technique, the 

most suitable method of data acquisition needed to be determined. The line 

scan provides an experimental method to gain rapidly initial information about 

the speed and size of signalling events. In fig. 5.1 the white arrow defines the 

area that was imaged, or line of interest (LOI). A critical factor in the collection of 

Ca2+ dye data is the time of acquisition. In order to capture any fast signalling 

events that may be present, the focus of the initial investigation placed speed of 

acquisition as a defining factor. A LOI across the entire field of view could be 

completed in a period of ~100 ms. Contrast that time period with the capture of a 
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full field of view image (512 X 512 pixels) with a scan time of ~1.5 seconds. 

Images that are sampled at a lower resolution can be gathered more quickly. 

However, the increase in speed has a trade off in that there is a decrease in the 

resolution of the images, making these images unsuitable for some types of 

analysis. In order to gather a useful overview of the physiology, it is essential 

that quicker events should not be overlooked. As an initial investigation tool, the 

line scan allowed coverage of a large region of interest without the loss of signal 

of the fluophore. Photobleaching of fluorescent signal is a factor that has to be 

considered when acquiring information from a fluorescent probe. Photobleaching 

is the photochemical destruction of a fluorophore. In microscopy, photobleaching 

may complicate the observation of fluorescent molecules, since they will 

eventually be destroyed by the light exposure. Loss of activity caused by 

photobleaching can be controlled by reducing the intensity or time of light 

exposure, by increasing the concentration of fluorophores or by employing more 

robust fluorophores that are less prone to bleaching. The balance of the above 

factors is dependant upon the thickness of sample, loading of the fluorophore in 

the imaging environment, (temperature, pH, etc,) and the experimental 

procedure to be undertaken. 

 

 

There are a number of outcomes that should be considered with regard to figure 

5.1. Firstly, the staining/loading pattern that is localised to the alveolar capillary 

or interstitial region of the lung slice is not very cellular in nature and more 

speckled. However, this was consistent over all slices loaded, the 

compartmentalisation may be due to the loading procedure and addition of a 

pluornic acid in helping the diffusion of Fluo-3 to into the cytoplasm. The 

thickness of the slice may have a bearing on the ability of the dye to load 

efficiently into the cytoplasm of cells. Fig. 5.1 also demonstrates the 

complications that a slice provides the investigator in regards identification of the 

particular cells types that have given a response unless indisputable cell 

markers can be introduced. 

 

The results of the line scans are shown in fig. 5.2. The duration of this 

experiment was lengthy as the line scan kept photo damage to a minimum. Fig. 
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5.2 demonstrates that there are a number of transient Ca2+ events occurring in a 

lung slice and the rise in Ca2+ is seen in a number of cells across LOI. Upon 

binding of intracellular Ca2+ with the Fluo-3 dye and excitation with the 488nm 

laser line there is an increase in the fluorescent signal. This is recorded as a 

current at the PMT and converted to fluorescence intensity. In fig. 5.2, the 

brighter the “green” signal the greater the increase of Ca2+ present in the 

cytoplasm. 

 

Fig. 5.3 is essentially the same data as shown in fig. 5.2 panel A except that 

they are presented as a three dimensional image format. The data are 

presented in a rainbow pseudo colour chart with red equating to an elevated 

binding of Ca2+ and blue representing no cytoplasmic Ca2+ present. The blue 

areas in fig 5.3, is either alveolar space, which is devoid of loading, or cells that 

have failed to take up or retain the Fluo-3 dye. The ability to present data in this 

format clearly demonstrates the presence of spontaneous Ca2+ events within a 

rat lung slice. 

 

5.2. Time-lapse imaging of cropped regions of interest in Fluo-3 loaded rat 

lung slice. 

 

Precision cut lung slices produce spontaneous physiological intracellular Ca2+ 

transients, which can be measured using laser confocal scanning microscopy. It 

was also evident that the line scan data were unable to provide the information 

as to the specific location of the cells that were demonstrating spontaneous Ca2+ 

events and, more importantly, if they were associated with the alveolar 

epithelium. The population of cells that demonstrated spontaneously active Ca2+ 

oscillations in the lung connective tissue warranted further investigation. In order 

to acquire data that could illustrate the location of the cells that were oscillating, 

a change in image acquisition methodology was required. The next step in 

gaining a clearer understanding of the physiology of the Ca2+ signal was to 

capture complete images over time, i.e. full frame time lapse imaging.  

 

A typical example of a data set produced with this acquisition method is shown 

in figure 5.4. Panel A shows a single confocal z series image of the loading of a 
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200m lung slice with fluo-3 am as described in the methods 2.6. Attention 

should be drawn to two important factors. Firstly, all the slices were produced 

with a low melting point agarose back fill to provide stability during slicing. 

Secondly, all images were captured at room temperature. The loading of the 

fluorescent indicator dye is localised in the same pattern to that seen in fig. 5.1. 

The time required for capturing an image of this field of view is about 1500 ms 

which creates problems with signal bleaching as the specimen is subjected to 

long periods of excitation. The extended period of excitation with the laser could 

also become phototoxic to the specimen causing cell death. In order to provide 

good image resolution and reasonable capture time it was essential that a 

cropped region of interest (ROI) be created within the field of view. The 

advantage of cropping the image was to decrease the scan time and in turn 

allow longer periods for time-lapse image acquisition. This reduced capture area 

resulted in a suitable image resolution that demonstrated clearly the location of 

the Ca2+ oscillations as seen in fig. 5.2.  

 

 

The cropped region could be positioned anywhere in the field of view. Only the 

regions that demonstrated a suitable level of loading with Fluo-3 probe were 

selected. In twenty seven slices only three ROI demonstrated no spontaneous 

activity.  

 

Panel B fig. 5.4 demonstrates the first single time lapse image of the cropped 

ROI as outlined on panel A. There are a number of “hot spots” within the lung 

slice cropped region. In this particular example, images were captured once 

every 5 seconds and continued for 450 seconds. 350 ms was required to 

capture each image in the time lapse series. At this rate, the signal to noise was 

adequate to identify the Ca2+ oscillatory events. There are 7 numbered white 

circular regions marked on panel B of fig. 5.4. These represent the ROI which 

demonstrated oscillations that were identified by offline analysis of the entire 

time-lapse movie. The data are seen in fig. 5.5 presented as fluorescence vs. 

time plots. 
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The four panels contained in fig. 5.5 represent the results of the offline analysis 

of the regions of interest defined in fig. 5.4 panel B. Fig. 5.5 demonstrated an 

interesting observation that could not be observed in the line scan data. There is 

a population of cells that clearly display coupled synchronous Ca2+ oscillations 

both within the alveolar epithelial region of the lung. These data demonstrate 

that within this population of cells there is very tight synchronisation of Ca2+ 

events. When the data of certain cells is overlaid it shows they are 1800 out of 

synchronisation. ). The tightly coupled nature of the events was maintained over 

large distances. The events also show a reduction in frequency over time (panel 

D).  

 

5.3 Manipulation of Ca2+ oscillations in a lung slice. 

 

In an attempt to understand the physiological function of the coupled Ca2+ 

events demonstrated in fig. 5.5, a set of experiments were undertaken to 

modulate either the frequency of the oscillations or the coupling of these events. 

Also, the introduction of pharmacology may provide an insight as to the cell type 

involved in producing the coupled oscillatory Ca2+ events. However, the initial 

investigation was to manipulate the events by addition of a high K+ (50mM) 

solution. The aim was to bring about a depolarisation of cells within the slice and 

cause a rise in Ca2+ thereby causing an increase in fluorescence. Seven slices 

underwent the following sequential protocol; a two-minute control image capture 

period, during which slice was perfused with extracellular bath solution (section 

2.4.1.1); a three-minute application of high K+ solution; a two-minute wash 

period with extracellular bath solution. Cropped ROI images were captured and 

the mean period of capture was 320 ms (±66 ms) every five seconds for seven 

minutes. This protocol allowed suitable capture of images and acceptable 

resolution and demonstrated a tolerable level of bleaching of the signal. No 

change in fluorescence signal was observed in any of the seven slices, no 

change was observed in the frequency or amplitude of the oscillation events.  

 

A number of agents were introduced into the bath solution in an attempt to 

modulate the calcium oscillations. Application of A23187 (10M) Calcimycin 
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(Alamone Labs, Israel). A23187 is a mobile-carrier Ca2+ ionophore (allows Ca2+ 

ions to cross cell membranes) originally isolated as an antibiotic from 

Streptomyces chartreusensis. It is used to increase intracellular Ca2+ levels, 

(Scharff and Foder 1992). The protocol was the same as outlined above (n=5). 

In the remaining experiments (n=10) after the application of A23187 the slice 

was perfused with a Ca2+ free solution for three minutes. Neither the application 

of A23187 or the Ca2+ free bath solution demonstrated a change in the 

measured fluorescence signal (N=15). The oscillations were not affected in 

either amplitude or frequency. Additional experiments included the addition of 

bath solution containing 100M adenosine triphosphate (ATP) (n=15). 50M 

muscarine chloride, a muscarinic acetylcholine receptor agonist; originally 

isolated from Amanita muscaria (Fryer and Jacoby 1998), was applied and time-

lapse imaging was carried out (n=11). Neither ATP nor muscarine promoted a 

shift in fluorescence intensity and they had no effect the coupling of the 

oscillations or frequency or amplitude of the events.  
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5.4 Discussion 

 

Confocal microscopy improves imaging of thick specimens by physically 

removing the out-of-focus light before the final image is formed (Minsky 1961; 

Petran et al. 1968; Brakenhoff et al. 1979). In the production of fluorescent three 

dimensional reconstructions of cellular structure the confocal microscope is a 

incredibly powerful research tool. The confocal image acquisition method takes 

advantage of differences in the optical paths followed by in-focus and out-of-

focus light, selectively blocking the latter, while allowing the former to pass to the 

detector. Confocal microscopes differ from conventional (wide-field) microscopes 

because they do not “see” out-of-focus objects. The hardware and software 

combine to exclude the out-of-focus light from the final image and this increases 

the contrast and fine details that would be obscured if the out-of-focus light were 

included in the final image. The critical element that is present in a confocal light 

path is the presence of a pinhole aperture, which effectively excludes light from 

the out-of-focus planes reaching the detector. The incoming illumination is also 

focused to a point by the use of a second pinhole aperture and the combination 

of these pinhole apertures increases resolution. The confocal microscope is 

simply a light microscope in which both the field of view of the objective lens and 

the region of illumination have been restricted to a single point in the same focal 

(confocal) plane (Wilson and Sheppard 1984). 

 

The ability to measure reliably physiological Ca2+ events in a living lung slice has 

been shown to be a beneficial research model (Berger and Sanderson 2001 and 

DeProost et al. 2008) and may help in providing answers to a number of 

questions relating to the homeostasis of the alveolar epithelium and respiratory 

physiology in general. The aim of this study was to investigate the Ca2+ 

signalling events within the alveolar epithelium. It has been demonstrated that 

the release of surfactant vesicles from alveolar epithelial type two cells has a 
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critical Ca2+ dependent step (Ichimura et al. 2006; Haller et al. 1998). The data 

presented in this study shows that there was a collection of cells within the lung 

epithelium that demonstrated spontaneous Ca2+ oscillatory events. The findings 

in this study provide further insights towards the strengths and weaknesses of 

the agarose filled lung slice as a suitable model for real-time cellular imaging of 

the alveolar epithelium. 

 

The lung slices used in the Ca2+ imaging section were cut with a low melting 

point agarose backfill (section 2.2.2.). This treatment has a direct effect on the 

lung slice as it causes an increase in alveolar volume and in turn caused a 

physiological response via stretch receptors. A 200m thick lung slice will retain 

a number of the nervous connections and cell-to-cell communications not 

available in isolated cells. The effect of stretch on the alveolar region was 

demonstrated directly by Ashino (2000), using a whole lung imaging protocol. A 

fifteen second expansion of the alveolus induced thirty-minute exocytosis of 

surfactant from identified alveolar epithelial type two cells. By employing the 

Ca2+ indicator dye fura-2 in this set of experiments, they demonstrated directly 

the Ca2+ dependent step in exocytosis events within the alveolar epithelium. 

However, the response seen here in the lung slice model cannot be directly 

attributed to the alveolar epithelium, as the cell specific markers were not used. 

The use of a cell specific marker would provide conclusive evidence that events 

captured are as a direct result of an increase in pressure due to the agarose 

backfill and are directly associated with alveolar epithelial type two cells or to 

capillary endothelial cells.  

 

The use of a laser scanning confocal microscopy to collect fluorescence Ca2+ 

indicator dye time-lapse images from an organ slice model has both positive and 

negative features. The laser scanning confocal microscope provides the user 

with a means to image deep into an organ slice and is without question a 

powerful tool. The ability to acquire data from a single 1m thick optical slice 

within a 200m thick lung slice and exclude the fluorescence signal from other 

regions of the slice, would not even have been possible some years ago. There 

are, however, a number of aspects that must be balanced in order to obtain a 
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satisfactory time-lapse image series. The acquisition of time-lapse image data 

requires a suitable signal to noise ratio, the ratio must be such that the signal of 

interest, in this case a rise in Ca2+ and subsequent rise in indicator dye 

fluorescence signal, is at a level that can be easily discerned from the 

background signal. The quality of the image must be considered and this is 

directly associated with the resolution of the image. That is the higher the 

resolution, the crisper the image. A higher resolution image will provide the 

researcher with increased detailed information. When using a laser scanning 

confocal microscope, acquiring images at a higher resolution comes at a cost in 

live cell preperations, the illumination light source is active for longer periods of 

time and this can result in both photobleaching of the fluorescence signal and 

photodamage of the cells. In the case of fixed immunohistochemical samples 

there are solutions available that prolong the lifetime of the fluorescent signal. In 

the case of a live sample, the longer the specimen is exposed to a high intensity 

light, the more phototoxic it becomes. The power of the laser used to excite the 

fluorescent molecule must be increased to an even greater extent in the case of 

an organ slice in order to acquire images of high resolution. In capturing the Ca2+ 

indicator dye data for this study it was very important to find a suitable balance 

between the power of the laser, the period of time required to capture a single 

frame and phototoxic effects. In order to capture time-lapse images over useful 

periods it was necessary to sacrifice the resolution of the image. The line scan 

provided useful insight as to the type of activity present. However, it was the 

cropped ROI that provided a more complete picture of the coupled Ca2+ 

oscillations observed within the lung slice.  

 

The thickness of the lung slice may well have influenced a number of aspects 

that proved to be problematic. The punctate staining pattern may well be 

attributed to the thickness of the slice having a direct effect upon the access of 

the dye to all regions of the slice. The pattern of loading of Fluo-3 seemed to 

suggest compartmentalization and this may have been a consequence of the 

concentration of pluronic acid, which at the concentration used in this study may 

have caused cell damage. Also, there was no discernible loading into the 

alveolar type one epithelial cell, the presence of the agarose could have had an 

effect on the loading of the Ca2+ indicator. However, during the period when this 
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investigation was carried out, the opportunity to label the type two alveolar 

epithelial cells was not available. Positive identification of the cells that produced 

oscillations proved difficult. One approach that was considered was undertaking 

post hoc immunohistochemistry. It was, however, not possible to identify the 

exact region of the slice where imaging had been carried out. The identification 

was furthered hampered, as changes in spontaneous activity using 

pharmacological interventions were not successful. The failure to illicit changes 

in activity could be attributed to the thickness of the slice and inaccessibility due 

to agarose backfill. The images were captured with an inverted microscope, 

hence the plane of image acquisition from the slice was in direct contact with the 

coverslip, a further possible contributing factor, in failure to observe a change in 

Ca2+ activity. In future studies, it would be advisable to undertake the image 

acquisition on an up right microscope with a dipping objective lens. Longer 

application time of the drugs may prove more advantageous in manipulating the 

observed Ca2+ events. The use of unfilled lung slices would provide more access 

for interaction of physiological stimuli and pharmacological agents.  

 

The temperature of the bath solutions may will directly affected the frequency of 

oscillations. A temperature controlled perfusion system was not available on the 

imaging set up and so the images were captured at room temperature. The 

spontaneous Ca2+ activity in whole tissues rabbitt smooth muscle urethra 

preparation demonstrates large temperature sensitivity (unpublished 

observation). This may account for the slow nature of the event witnessed within 

the lung slice. In future studies image acquisition should be undertaken solutions 

that were warmed to 37OC.  

 

The coupled Ca2+ events seen in the lung interstitium demonstrated 

synchronicity, in areas that were close together this is could be attributed to the 

gap junctions present in the lung (Boitano et al. 2004). There is good evidence 

for the communication in the alveolar epithelial between type one and type two 

alveolar epithelium cells (Isakson et al. 2003; Kuebler et al. 2002). The events 

that were seen to be in synchronisation, e.g. ROI 1,3, and 5 and ROI 6 and 7 

were observed in a number of slices and activity was consistent. In the absence 

of Ca2+ bath solution no change in the frequency was observed and this would 
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suggest that they were mediated via store mediated Ca2+ release. However at 

this stage it would be impossible to suggest if this was via the 1,4,5-trisphphate 

receptors or the ryanodine receptors, the two receptors responsible for store 

release. However, whole lung studies have shown an IP3 mediated store release 

of Ca2+ underlies the oscillations seen in capillary epithelium cells (Kuebler 

2002).  

 

Observations similar to the Ca2+ oscillations observed in this study have been 

demonstrated in whole lung experiments (Ying. et al. 1996). The “pacemaker 

activity” observed in lung endothelial cells located at some of the alveolar 

vascular branch points could explain the Ca2+ activity observed in the agarose 

filled lung slice. These branch-point endothelial cells regulate cytosolic Ca2+ at 

higher levels than midsegmental cells, and they generate intracellular cytosolic 

Ca2+ waves. An increase of the microvascular pressure markedly increases the 

amplitude of Ca2+ oscillation amplitude, while no observed increase was seen in 

mean amplitude (Kuebler et al. 1999; Ichimura et al. 2003). Distinction by 

molecular markers would have to be undertaken to confirm the identification of 

the oscillating cells seen in this study.  
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5.5 Conclusion. 

A clearer understanding of molecular mechanisms underlying respiratory 

physiology is essential if we are to develop effective treatments to pathological 

lung diseases. The research techniques available to investigate the 

physiological homeostasis within the lung are vast and range from the whole 

organ to single protein level. One area that has been immeasurably advanced 

over the past thirty years is biological real-time imaging. It is clear from the 

above study, that the combination of high-resolution real-time imaging within a 

lung slice model has a place in furthering our understanding of respiratory 

physiology. The above study combines the technical skills of producing viable 

precision cut lung slice and laser scanning confocal microscope to produce real 

time Ca2+ indicator measurements from a lung slice. From this investigation it is 

clear that there is a population of cells within the interstium of the lung that 

develop spontaneous Ca2+ oscillations and exhibit tightly coupled events over 

large distances. The physiological reason for such “pacemaker” events within 

the lung still remains unanswered. The technical advancements made in this 

study will provide a strong foundation upon which to carry on further 

investigation and bring about a clearer understanding of the role that Ca2+ plays 

in the respiratory homeostasis in the alveolar epithelium.  
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Figure 5.1 Confocal 0.85m optical section from a 200m live lung slice 

loaded with 5µM Fluo-3 Ca2+ indicator dye.  

 

The slice was loaded for 30 minutes, at room temperature, with Fluo-3 (5 M), a 

physiological calcium indicator dye, in bath physiological solution containing 

0.1% (w/v) pluronic acid. The punctate green staining shows the calcium 

indicator dye localization. The slice was imaged on a Zeiss (Zeiss, Germany) 

LSM 410 inverted confocal microscope with a 63x oil immersion objective lens. 
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The white arrow, from left to right, shows the region where a line scan was 

performed. A scan was performed every 5 seconds and the scan time was 100 

ms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Confocal LSM410 linescan of a 200m thick live lung slice 

loaded with 5M Fluo-3 and resultant graphs. 

The two dimensional image seen in panel A is the result of a 100ms line scan 

repeated every two seconds for a total of 3000 seconds across the LOI indicated 

in fig.5.1. The x-axis of panel A represents distance of the line scan with the 

reference scale bar showing 20m. The y-axis of panel A represents the time 

period of the scan with each line being one pixel scan over the length of the 
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region of line scan. An increase in green is the result of calcium release or influx, 

which leads to a rise in fluorescence signal in the presence of Fluo-3. Panel B 

and C represent the line scan data as cropped regions of interest excised from 

the panel A. The graphs demonstrate the fluoresce signal as a function of time. 

 

 

Figure 5.3 Three-dimensional pseudo color graphical representation of 

calcium signaling events in a living lung slice.  

 

A three-dimensional illustration of the line scan data collected from the line of 

interest indicated in fig. 5.1. The x-axis is a measure of distance along the line of 

interest; the y-axis is a measure of time and the z-axis represents the release of 

Ca2+ and subsequent binding of the Fluo-3 causing an increase in fluorescent 
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signal, given in arbitrary units of fluorescent. This signal was captured on an 

LSM 410 confocal microscope, the pseudo color of the z-axis illustrate a 

increase in signal as a shift from blue towards red with red being a high reading 

of Ca2+. A sustained upward deflection in the Z-axis can be considered as an 

increase in the cytosolic Ca2+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Cropped region of interest from Fluo-3 loaded 200µm thickness 

lung slice.  

 

Panel A shows the full field view of a single image captured by the LSM 410 of a 

lung slice loaded with 5µm Fluo-3. Slices were loaded as described in methods 

section 2.6. The area in the lower left corner of panel A, highlighted with a white 

box, is the region which was cropped for time-lapse imaging at 12 frames per 

minute. Panel B is single image of a cropped region of interest displayed in a 
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pseudo color. The Zeiss software repositions the ROI. Within panel B there are a 

number of small white circles (numbered, one to seven) which represent the ROI 

identified off-line post capture, which demonstrate an increase in Fluo-3 signal. 

The pseudo color also demonstrates clearly the edge of the alveolar region. 

Time-lapse imaging allowed the measurement of specific regions within the ROI 

over an extended period of time. 
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Figure 5.5 Graphical representations of regions of interest from time lapse 

imaging of 200µm thickness lung slice loaded with Fluo-3 and oscillation 

frequency as a function of time post slicing.  

The graphs in figure 5.5 A B and C above were produced directly from the time-lapse 

imaging of ROI (1,3,5,6,7) (fig. 5.4 B). The y-axes represent fluorescence intensity and 

are measured in arbitrary units. Panel A represents the time lapse numerical data of two 

circular ROI, region 6 and 7 as identified in fig. 5.4.B. This demonstrates that these 

events oscillate in synchronized fashion. Panel B represents regions 1,3 and 5 as 

identified in Figure 5.4.B again the events are synchronized with each other. Panel C 

demonstrates the asynchronous nature of ROI 3 and ROI 7 (as shown in fig. 5.4 B). The 
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events are a full one hundred and eighty degrees out of synchronization and are not a 

spatial artifact. Panel D presents the reduction in oscillation frequency as a function of 

time in culture. These data represent 8 slices that were examined less than 6 hours post 

sectioning of the slice, 18 slices examined between 6-18 hours post sectioning and 6 

slices examined 18-30 hours post sectioning. 



 
 

 
 
 

Chapter 6 
 

General discussion.  
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6.1 General Discussion. 

 

The ability of the lung to match gas exchange to the requirements of respiration is 

maintained by the free movement of O2 and CO2 across the pulmonary capillary 

network and the alveolar epithelium. It is the responsibility of the alveolar epithelium 

to maintain lung fluid homeostasis and that in turn preserves optimal gaseous 

exchange. The alveolar epithelium consists of two morphologically distinct cell 

types: A) alveolar epithelial type one cells, which are squameous cells with a large 

surface area and which make up 95% of the surface area of the epithelium, and; B) 

alveolar epithelial type two cells, which are cuboidal and provide only 5% of the 

surface area but 80% of the volume of the epithelium (Dobbs and Johnson 2007). 

Vectorial ion transport across the alveolar and distal airway epithelia is the primary 

determinant of alveolar fluid clearance. The general model is that active Na+ and Cl- 

transport drive net alveolar fluid clearance, the breakdown of this model results in a 

number of pathological events. Understanding of the physiology of the epithelium 

has for the most part derived from the isolated alveolar epithelial type two cells. The 

alveolar epithelial type one cells have proved quite challenging to work with due to 

their fragile nature. Thus, it was essential to develop an experimental model that 

would allow the investigation of the ion channel activity within alveolar epithelial 

type one cell, preferably in situ. 

 

I undertook an investigation to optimize the production of precision cut lung slices. 

The first method I undertook was the agarose backfilling method. This is the 

traditional method of making precision cut lung slices but it was less than 

satisfactory for recording functional electrophysiological data from identified alveolar 

epithelial cells. This model has recently yielded functional ion channel recordings 

from identified alveolar epithelial type one and alveolar epithelia type two cells 

(Helms et al 2006; Helms et al 2008). However, I was unable to gain suitable 

access to the alveolar epithelial type one cell membrane using this method. With 

that in mind, I undertook an investigation to identify a substance which would 

provide the necessary stability required for slicing and could be removed to allow 
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uninterrupted access the alveolar epithelial type one cells. PEG 400 was chosen 

due it unique properties of being liquid at room temperature and solid at 4oC. 

Although the alveolar airspace was easily cleared of obstructions, the cellular 

viability was not of a standard required for functional studies. The production of 

unfilled lung slices was the next progression in the development of a technique to 

record electrophysiological data from alveolar epithelial type one cells. The success 

of making unfilled slices was immediate and the cellular viability was 

unquestionable. The use of the mouse monoclonal antibody VIIIB2, an alveolar 

epithelial type one marker, allowed identification of the cell population of interest in 

an unfilled slice model. Optimization was also undertaken for an alveolar epithelial 

type two live cell marker in the slice model. The candidates investigated were, the 

fluorescent lipid dye Nile Red and the fluorescent styryl dye LysoTracker ® Green 

DND26. Both demonstrated lamellar body staining. However, the DND26 was more 

specific and when imaged in conjunction with VIIB2 showed no fluoresce overlap.  

 

Subsequently, investigations were undertaken to record functional ion channel 

events from identified alveolar epithelial type one cells within a 200m thickness 

living lung slice. Cell-attached patch-clamp recordings were successfully achieved 

and in the presence of a pharmacological cocktail, K+ rich low Cl- recording solution, 

a voltage activated K+ channel was observed. It had a measured unitary 

conductance of 21±3 pS and close to the equilibrium potential for K+ (Bourke et al 

2005). The most likely was Kv1.7. Kv1.7 is the most recently cloned member of the 

Kv family of K+ channels but it’s the physiological function remains to be explained. 

The presence of a number of K+ channels has been demonstrated in the alveolar 

epithelium and their function is believed to be in preventing cell depolarization 

during periods of Cl and Na+ influx (O’Grady and Lee 2003).  

 

The functional data presented in this thesis were the first published from alveolar 

epithelial type one cells in a lung slice (Bourke et al 2005). Since our original 

publication, there has been a further three publications demonstrating functional ion 

channels in alveolar epithelia type one cells (Johnson et al 2006; Helms et al 2006; 
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Helms et al 2008). The observations made in this current study and the alveolar 

epithelial type one electrophysiological data from Johnson and Helms further 

strengthen the idea that the alveolar epithelial type one cells play a physiological 

role in lung fluid homeostasis. It has now been demonstrated that alveolar epithelial 

type one cells possess the functional molecular machinery to undertake active 

transport of fluid from the alveolar airspace.  

 

Within the alveolar epithelium a number of observations have been made as to the 

physiological role for Ca2+. Isolated heterocellular cultures of alveolar epithelial cells 

demonstrated propagated changes in intracellular Ca2+ between type one and type 

two cells (Isakson et al 2003). Slice preparations have also been used to 

demonstrate Ca2+ transients in NEB cells (DeProost et al 2008) and smooth muscle 

contractions in airway smooth muscle (Bergner, A. and Sanderson, M.J. 2002). 

Whole organ studies have also demonstrated both cell-to-cell communication and 

Ca2+ dependent surfactant release (Ichimura, H. et al 2006). An investigation was 

undertaken to identify the possibility of developing Ca2+ imaging measurements in 

lung slices with particular focus on the alveolar epithelium. This study was 

undertaken at the beginning of the period of the thesis and the agarose filled lung 

slice model was the model of choice.  

 

The initial observations were made using a line scan image capture, which was very 

successful and demonstrated the presence of spontaneous Ca2+ transient activity in 

a population of cells with the lung slice. It was, however, impossible to identify 

positively the cells that demonstrated this activity using the line scan image capture. 

A change in acquisition to small regions of interest time lapse imaging clearly 

demonstrated the location of the cells of interest in the alveolar epithelium. It would 

require cell specific markers to identify the cells positively.  

 

One further observation within the of cropped regions of interest was that 

oscillations showed coupled spontaneous activity. The synchronization was either 

tightly coupled or 180 out of synchronization. In order to investigate further this 
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population of spontaneously active cells a number of physiological and 

pharmacological agents were introduced to the perfusion system. However, it was 

not possible to alter these observed events with any of the substances introduced. 

A number of reasons were considered to explain the lack of modulation of these 

events. The agarose backfill interfered with the access of the substances to the 

alveolar epithelium, the thickness of the slice affected the access of the substances, 

the duration the substances were present was not long enough for them to have an 

effect, events were not observed as the sensitivity imaging systems was not 

suitable. The observed Ca2+ transients could be the result of stretch-induced 

surfactant release due to the agarose back fill, stretch-induced Ca2+ oscillations 

from the endothelial of lung capillaries, both responses have been demonstrated in 

whole lung studies (Kuebler, W.M. et al 2002; Perlmann. C.E and Bhattacharya, J. 

2006). Further investigation would be required, and combination of specific cell 

markers may proved more information as to the identification of the cells 

demonstrating this response.  

 

The alveolar epithelium is critical in maintaining lung fluid homeostasis and in a 

breakdown of the mechanism of active clearance of fluid it not treated is fatal. A 

vast number of studies and wide variety of techniques have been undertaken to 

investigate and understand the mechanisms that of lung fluid clearance. Our 

understanding is ever expanding. It is becoming evident that the alveolar epithelia 

type one cells are not passive in the mechanism of lung fluid clearance. Although 

suspected by a number of investigators it ahs only been in the recent past that the 

evidence has come to light (Dobbs and Johnson 2007). One vital piece of in 

formation has been lacking, ion channel recordings from the alveolar epithelial type 

one cell population. The ability of manipulates functionally the ion channels present 

in a cell allow a greater understanding how that cell operates at a physiological 

level. This projects main aim was to optimize the recording of functional ion 

channels from an identified alveolar epithelia type one cell in a lung slice model. It 

was a challenging undertaking as outlined above it required the combination of a 

number of powerful experimental techniques to arrive at the results presented in 
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this thesis. The optimization of the techniques for recording of electrophysiological 

data from the alveolar epithelia type one cells presents an exciting opportunity to 

further advance our understanding of the physiological function of alveolar epithelial 

type one cell in health and disease states.  
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