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ABSTRACT 

The fetal lung secretes significant quantities of surfactant duting late 

gestation in preparatiorl for respiration which must begin imediately after bitth. 

Although initiath d surfadant s y n t h e s i ~ ~ t i o n  may be accelerated, the 

underlying mechanisms of the process itself remain to be resolved. An important 

pathway in adult lung has implicatd the ~a2*-P~dependent enzyme protein 

kinase C (PKC) in its regulation. The present study was undertaken to 

characterize the activity of ~ a ~ ~ ~ d e p e n d e n t  PKC in adult lung and to 

determine if PKC was involved in the proœsses of initiation of synthesis and 

secretion of surfadant-related compounds in fetal and neonate lung. Protein and 

phospholipid levels, and adivity profiles of ca2*-~s-dependent PKC were 

detennined fmm subcellular fractions of fetal, neonate and adult rebbit lung. The 

enzyme's advity in the lamellar body m i o n  from Mole lung and isolated type 

II cells was eramined in greater detail. Additionally, the effect of PKC activation 

on uptake and release of phosphotidylchdine precursors $PI and [3~]choline by 

isolated fetal type Il pneumocytes was obsewed using the PKC activator 

tetradecanoylphorbol aœtate (TPA). Protein levels displayed a biphasic pattern, 

peaking on gestational deys 27 and 30. Phospholipid levels were found to 

increase significantly on day 27. Phospho1ipid:protein ratios in the putative 

lamellar body fndion also displayed a biphasic pattern with peaks on 

gestationai day 27 and postnatal day 1. ~a*- depe pendent PKC specific activity 

was found to follow the same biphasic pattern in the subcellular fractions. 



Although emyme activity localized in the lamellar body fractions isolated from 

type II cell wltums was f9und b &e due to contamination, TPA stimulation of 

these œiis - a d  to cause translocation of ~ahP~dependent PKC to this 

fradion. F A  stimulaüon d thme œlls also a ~ ~ s e d  significantly greater uptake 

of the precurscxs [OPJ and   choline during aMarmnt incubation. In cells 

prelabelled with isotope, stimulation with TPA causeâ higher levels of isotope to 

be released into the culture medium. Upon subcellular examination of the cells, 

the putative lamellar body fraction was found to be aff8ded. These results 

indicate that PKC is adve in the developing lung during the period of initiation 

of the surfadant cycle, and may be involved in the regulation of that cycle. 



INTRODUCTION 

The respiratory systm may be divided into three fundional components 

associated with: a) ventilation, b) condudion, and c) gas exchange. The 

ventilating component msists of the mc cage, intercostal muscles, 

diaphragrn and elastic tissues of the lung. The conduding portion consists of the 

nose, pharynx, larynx, trachea, bnmchi. and the proximal bronchioles. Gas 

exchange takes place in the distal regions of the lung, comprised of respiratory 

bronchioles, alveolar du- and sacs. Sinœ the primary focus of the study is at 

the respiratory level of the Iung, only these regions will be considerad in further 

detail. 

2.1 SUSDMSIONQ 

The lung is an extremely complex organ which is reflected in the large 

number of cell types which have been identifid. Some forty different specialized 

cells have been observed (Sorokin, 1970). The kief description which follows 

outlines the general structure of the lung. However, the main focus of the 

present studks will be fundian at aie level of the alveolus. This latter area will 

be reviewed in detail. 



2.la Conductina R d o n  

lnspired air enters the mse and passes thmugh the nasopharynx and 

oropharynx and into the larynx Thes8 regions of the conducüng system initiate 

the processes Of adjusting ttw hmidity and temperature of inspired air to match 

that of the body. The nasal cavity contains several small projections in its lumen 

which promote a tufbulent airffw. This allows unifom contact of air with the 

epithelial mucosal coat, waming and humidifying the air. Posteriorly the pharynx 

is structurally conünuous with the nasal cavity, and in its laryngeal regions is the 

point of separation of respiratory and alimentary tracts. 

Intewening behMHm the pharynx and trachea is the larynx, a hollow tube, 

partial1 y enclosed by cartilage plates bound together by muscle and ligaments. 

The interior suface is covered by a thick lamina propria and epithelium. Housed 

within the subrnucosa are a mimber of mixed glands responsible for secreting 

and maintaining a mucous layer over the epitheliurn. 

The trachea extends Rom aie base of the larynx and passes inferiorly 

along the ventral surfas of the ne& The tracheal adventitia is composed of 

loose connedive tissue with nurnenws blood vessels and nenres. This layer 

merges with surrounding tissue extemall y while intemally it blends in to 

submucosa or peiichondrium as it approaches the lumen. Reinforcing this 

aiway are 16 to 20 hyaline Uahaped cattilages. Embedded in the fibrous 

connedive tissue that fonns the wall, each cartilage contains a gap on the dorsal 

side which is brïdged by a band of smooth musde. The cartilage perichondriurn 



give rise to radially oriented collagen fibres. These fibres teminate at the elastic 

membrane which separates lamina -a from submucosa. These fibres 

therefm Mchor the lamina to the cartilage sûeleton. As in lamina 

propria of the previws segments, aiis layer contains numerous glands. These 

glands are predominantly mucous in nature and pass their secretions ont0 the 

epithelial surface via du- that pierœ the lamina propria. 

The trachea b0Ïrcates in the meâiastinum giving rise to paired airways, 

the primary bronchi of each Ivig. These aie smaller than the trachea but retain a 

similar Wudure. Entering the lungs at Vie hilum with blood vessels and nerves, 

they fom the bronchial tree, each generation of ainnay dividing dichotomously to 

form smaller airways. lnitially these airways follow the same structural plan as 

the trachea, but as the lumen dbmeter decmases, gradua1 changes take place 

within th& walls. The cartilage wmponent deaeases forming complete rings 

around larger bronchi, and irregular plates in the smaller bronchi. The amount of 

smooth muscle incmases to form a layer of musculans consisting of two bands 

arranged helically amnd  the aiway. ïhe presenœ of glands, blood vessels and 

nerves allows the submucosal layer to retain most of its size. However lamina 

propria thins out until the epithelium sits atop an encircling elastic membrane. 

Elastic tissue, an important part of the ventilating system, bernes more 

conspicuous as bronchial lumen deaeases. The a i w y s  to this point are still 

termed konchi, but 8s lumen diameter approaches 1 mm, they are termed 

bronchioles, and the wall undergoes further changes. 



2.1 b Resdratwv Real- 

As konaiioles kanch and fami progressively smaller airways, the 

musculans of the wall becomes a discmtinwus layer. Wthin the terminal 

bronchiolesI the lest generation of conduding airways, the lumen is encircled 

respectively by an epithelium, lamina propria, scattered smooth muscle cells and 

adventitia. Theæ bronchioles divide dichotomously proûucing respiratory 

bronchioles. While essenüally similar in structure to terminal bronchioles, 

respiratory konchiolar epithelium is intempted by sporadic alvmli. As air 

progresses hrrther down the branching airways, the number of alveoli opening 

directly into aie airway inaeases. The final airway gives rise to paired alveolar 

duds svrounded by grapelike ciusters of alveoli. 

Alveoler sûudure is supported on a frame of collagenous and elastic 

fibres. A rich blood supply is provided by capillaries intecwoven in mis framework 

and covered extemally by the alvedar epithelium. Smooth muscle cells may 

persist as single fibres encircling the entrance to an alveolus. The alveolar wall 

allows diffusion to take plam betwwn inspired air and the rich capillary bed 

present in the wall. This diision is dependent on the minimal connective tissue 

layer separating a very thin alveolar epithelium from the capillary endothelium. In 

fact in most regions this potential space between endothelial and epithelial cells 

is obliterated as their basal laminae fuse foming the blood-air barrier. The entire 

structure is supporteci by a mesh of collagenous and elastic fibres. Capillaries 



are woven through this ftamework covered by epithelium and as noted a 

musailaris is absent having tminated a the level of the alvedar dum. 

2.2 

DRerences in îùncüon of the respiratory system from nasal cavity to 

alveoli am refieded in the epithelial lining. A defining charaderistic of the 

conductïng ainmys is its respiratory epithelium, principally ciliated 

pseudostratified epithelium. This epithlium is columnar in the upper airways, and 

gradually shortens to low cuboidal in distal konchi. Islands of stratified 

squamous cells may be found in areas of aie trad exposed to irritaüng stimuli. 

Intersperseci within this layer are several cell types. Basal cells are 

associated with the basal membrane but do not reach the luminal surface. 

Accounting for a large proportion of nonciliated œlls are mucous or goblet cells 

which appear similar to those of the gastrointestinal tract Their secretions are 

combined with that of submucosal glands to produœ a mucous layer covering 

the epithelium. As the caliber of the ainmy âecreases and submucosa 

disappearrr, a corresponding reducüon in gland tissue ocarrs. 

In addition to conditioning inspired air before delivery to the respiratory 

section of the lm& the mucous mat foms part of an important defense 

mechanism. Inspired dust particles am trapped in mucous as the air is 

humidifid. This layer is pushed towards the gkttïs by the coordinated sweeping 

motion of the surface cilis. 



Ciliated cells pefsist as the dominant œll type in the bronchiolar 

epithelium, though they are now Iow &idal in f m .  Mucous cells however, 

have been replaœâ by mn41iated Clara œlls. These cells which are 

characteristic of the smaller ainivays, produce secretions suspected to include 

mucolytic and protdytic enzymes, lipids and pdysaccharides (Widdicombe and 

Pack, 1982). it has been suBQested they contribute to the pulmonary sufadant 

in some mannet (Ueda et. al., 1985), although the extent of thier contribution 

is still under debate. 

Four major œll types are present within the respiratory regions of the 

lung. They are: macrophages, fikoblasts and type I and type II pneurnocytes. 

2.2a Macro~hacres 

Alveolat macrophages proviâe a primary line of defence at the level of the 

aiveolus against microorganisms and particulate matenal which have not been 

trapped by the mucous layet of the upper airways. Macrophages are able to 

move fteely over the alveolar surface and enguif foreign matter. There is also 

ample evideme that macrophages have an important role in clearing spent 

surfactant fmm alveoli (Sueishi et al., 1977; Desai et al., 1978; Coalson et al., 

1987). 

2.2b Fibmblasts 

Residing in the c o n ~ v e  tissue compattment of the interstitium, these 

spindl8-shaped cells are similar to fikoblasts observed in othet tissues. M i l e  a 

functional role in the adult lung has not ben defned, during fetal lung 



development, fibrobbsts a w a r  to play an essential role in regulating 

diffemntiation of type II œfls thmgh producüon of a mediating protein, 

fibrablast-pneumocyte fa- (FPF) (Post et al., 19û4a). FPF has been shown to 

inctease the rate d lung maturation (Smith, 1979) and phospholipid synthesis in 

fetal type II cells (Post et al., l984a). In addition a mechanical induction through 

transluminal f& pmœsses has been SM to oaxr (Snyder and Magliato, 

i99l). It has also been suggested that fibroblast-epithelial cell interaction is 

important for regulating replication and development in type II cells (Scott and 

Das, 1994). 

2 . 2 ~  T m  l Pneumocvtsr 

Aithough they a c c ~ t  for only -1 1 % of total lung cell population, type I 

pneumocytes =ver -96% of alveolar surfa- area (Crapo et al., 1982). Their 

primary function is to provide an intact gas permeable surface. Small amounts of 

connedive tissue may inteniene between type I pneumocytes and interstitial 

endothelial cells, in many places basal laminae of endothelial and type I 

epithelial œlls may be fused. In addition to their dose proximity to each other, 

both cell types have very attenuated cytoplasm. In fad prior to the age of 

eledron miaoscopy, a good deal of speca~latbn oaxirred in regard to the 

presence or absence of a continuous cellular layei in the alveolus. These 

charaderistics of the type I pneumocyte greatly reduce the diffusion distance 

betwieen air in the alvedar space and blood in the capillary bed. 



2.2d T m 1  Pneumcvtas 

lnterspersed among type 1 œlls lining alveoli are the type II alveolar cells. 

Type II cells are cuboidal in shape and thetefore tend to push the basal 

mernkam into the interstitial space and rnay co~currently protnide to variable 

degtees into the luminal space. Type II pneumocytes account for 15% of lung 

ce1 l population (Crapo et al., 1 982) and are generally considerd multifunctional 

cells. 

While surfactant production is dearly a major function of the type II 

pneumocytes, there is substantial evideme that these œlls participate in a 

numbet of functions including epithelial regeneration, fluid homeostasis and 

defense. Injury of the alveolar epiaielium tends to aff- type I cells to a greater 

degree due to oieir attenuated cytoplasm and large surface area. However it is 

the type II pneurnocytes that respond to damaged type I cells by dividing 

(Adamson and Bowden, 1974), and subsequent daughter cells transfomi to 

adopt the charaderistics of type I cells (Woodcock-Mitchell et al., 1986). It has 

also been suggested that type II œlls ad as the precursors of type I cells during 

normal growth in fetal and immature lungs (Kaman et al., 1974). A fiuid 

transport function has also be attributed to the type II cells at least in tissue 

culture (Masai et al., 1982). 

As mentioned above, of major fundional interest regard to type II 

C~ IS  is the production of pulmonary surfadant A charadefistic of type II cells 

are the lamellar bodies, the intmœllular storage f m  of surfactant. A possible 



relationship behnreen these organelles and the alveolar surface film was first 

made by Maddin in 1954 (Maddin, 1954). Subsequent studies confirmed their 

relationship using eledran rnicmcopic autoradiography to trace radioactively 

labeled priearnon to variaus surfactant companenftr through II cells. 

(Buckingham et al., 1 966; Chevalier and Collet, 1972). 

Secretion of surfactant takes place by exocytosis of lamellar bodies into 

the alveolar space. Inhibition of cytoskeletal fundion in lung slices with agents 

such as vinblastine and colchicine (Marino and Rooney, 1980) reduces 

surfactant secretion suggesting involvement of the cytoskeleton in the semetory 

process. 

Radiographie &dies using disaturateci phosphatidylcholine, a major 

constituent of surfactant (see W i o n  on Surfadant Composition, 2.3b), suggest 

that type II cells a lw aid in surfactant clearance (Geiger et al., 1976) and 

recycling of certain phospholipids and protein components back to the alveolus 

(Hallman et al., 1981 ). 

The fundions of type II cells conœming the suffadant cycle will be dealt 

with in greater detail in later sections. 

2.3 SURFACTANT 

2.3a Backaround 

The first estimations of mechanical forces involved in Iung function were 

done in 1929 by von Neergaard (von Neergaard, 1929). By cornparhg pressure- 



volume relationshipo of air and liquid-filld Iungs, von Neeaatd recognized the 

paramount importama af surfiace tension fmes in maintaining lung expansion. 

Estimating that tissue elasticity only acwunted far a third of the total force. he 

conectly condudeâ th& th8 minder  of the pnwsure was due to the force of 

surfaœ tension. In ofder to expain higher surface forces in a systern with a 

constant surface tension. he assumed alveoli to ûe saucer-like in shape. Upon 

infiation the alveoli bulge out but never becomes mpletely hemispherical. The 

reason for this theoretical liml is that in a system with constant surfaœ tension. 

the pressure required to infiate alveoli incrseses until a hemispherical shape is 

reachd, then decreases rapidly after a hemispherical shape is attained. 

lncreaseâ surface forces were now attributable to the increasing alveolar radii. A 

rough analogy may be d m  to infiating a balloon. Initially it is difficult, but once 

the balloon is inflated beyond a critical radius of wnrature, it expands readily. 

von Neergaard considered only a mode1 with a constant surface tension never 

taking into consideration the concept of a varlable surface tension. 

Von Neegaads wwk remained unnoticed for the ned hiventy-five years 

and was in fact duplicated in 1954 by €.P. Radford (Radford, 1 954) in an attempt 

to measure alveolar suH- area. Radfwd postulatecl that the difference in 

surface energy between blood and lung extracts could be accounted for by a 

surfaœ that was in a mi-solid phase or lined by a highly surfa- active 

material. He dismissed both ideas as unlikely. 



The discovery in 1959 that Neonatal Respiratory Distress Syndrome 

(NRDS) Wias telated to a deficimcy in surfactant (Avery and Mead, 1959) greatly 

increased the interest in mechanisms of sufacant synthesis and secretion. It is 

now understood that surfadant prevents alveolar collaps8 at end expiration as 

well as decreasing the force required for initial lung expansion by imparting to 

the alveolar surface the ability to Vary the s u H i  tension with changing alveolar 

volumes, 

Studying the problem of pulmonary edema, Pattle reportecl that bubbles 

from lung extracts persisted for a long tirne. This indicated that surface tension 

of the alveolar Iining Iayer approacheâ zero (Pattle, 1955). However this 

conclusion was in conffict with exïsthg concepts. Pressure differemes between 

air- and liquid-filled lungs suggesteâ a much higher surface tension (Mead, 

1961). 

Attempting to teconcile these conRiding reports, the significance of a 

paper by Maddin (Macklin, 1954) conœming Vie presence of a 

mucopolysaccharide lining within the alvedus was recognized by Clements. This 

investigator designeâ an instrument capable of measuring surface tension of 

lung extrads at different degiees of inflation. Values of -10 dyneslcm were 

obtained for lungs at minimum surface area as compared to -46 dynedm when 

infiated, suggesting that surface tension va- as a function of the degree of 

inflation (Clernents, 1 968). 



Variable SUHBC~ tension within alveoli allowed a change in the concept of 

alveolar strudure. lnaeasing surfhœ forces could naw be attributed to an 

incream in tension rathw than alveolar shape. The Laplace equaton is given by 

p=2@, where p represents the air pnawm inside a kibble of radius r and 

surface tension y. This equation indicates that m l l e r  alveoli require greater air 

pressure to pnvent cdlapw. Sinœ alvedi am interconnected, this pressure 

difrence would deflate smaller alveoli as air flow h m  high to low pressure 

areas. lncreasing surfa- tension with alvemlar size equalized these forces. The 

shape of alveoli carld n w  be thought d as a bubble, with each having an efFect 

on adjacent alvedi. 

To confirm that the lining layer was responsible for the variation observed 

in the surface tension, a nonionic detergent, T m n  20 was used to replace the 

endogenous alveolar Iining with one which displsyed constant surface tension. 

Pressure-vdume relationships were detemined which showed similar 

inflationldefiation curves (Clements et al., 1961 ; Radford, 1962). This indicated 

that replacement of the surlace layer by Tween 20 eliminated the variation in 

surface tension associatecl with the endogemus alveolar lining material. The 

fundional importarice of this surlace film reriewed interest in pulmonary 

surfactant Independent Iaboratories engaged in identification of the major 

surface adive component reached a similar conclusion (Buckingham, 1 96 1 ; 

Klaus et al., 1961 ; Pattle and Thomas, 1961). Although the methods used to 



isolate surfactant were difbmntt a c o m m  conclusion arose that a lipoprotein 

material cmstituüng a surf- adive Iining existed at the level of oie alveolus. 

2.3b Camdüon 

Mer aie presence of pulmonary surfactant was established, research into 

the composition, synthesis and fundion of this material followed quickly. It was 

observed that two pois of s u M a n t  tould ôe isolated from the adult lung. The 

first is present as intraœllular organelles within type II pneumocytes, lamellar 

bodies. The second pool, isolated by kondioalveolar lavage (BAL), is the 

extracellular material Iining the respiratory portion of the lung. It was Macklin that 

first suggesteâ a possible link bebnmn these organelles and the extracellular 

material Iining alveoli (Maddin, 1 954). A later study obsenred the coincidental 

appearance of lamellar bodies and surfactant during lung development in fetal 

mice (Buckingham and Avery, 1 962). Later studies confirmed the precursor- 

product relationship of lamellar bodies and surfactant by following radioactively 

labelled phospholipid preairsanr through the œll and onto the alveolat surface 

(Chevalier and Collet, 1972). Further support was provided by cornparison of 

lamellar body and extracellular surfadant Iipid profiles (Haagsman and van 

Golde, 1 991 ). 

Lipids repmnt  -90% of the total surfactant and are primarily 

responsible for the surfactant surface adivity. The remainder is composed of 

surfadant-associated proteins, which are generally of a low molecular mass, 

hydrophilic or hydmphobic in nature. 



The Iipid fiadion is divisible m e r  into separate cornpounds. The major 

phospholipid in surfactant is phosphatidylcholine which accounts for -85% of the 

total. Of this appoximately 50% ocairs as disaturated phosphatidylcholine 

(DSPC), of which greater than 95% is dipalmitoylphosphatidylcholine (DPPC). It 

is generally recognized that the ca-ty of suniactant to alter surface tension is 

due to the presence of DSPC. Unsahirated phosphatidylcholine (USPC), 

represents 45% of total lipids. In addition, acidic phosphdipids, 

phosphatidyiglycerol (PG) and phosphatidylinositol (PI), important constituents 

of surfactant, account for -10% and -5% of lipids respectively. The amount of 

PG in surfactant is unusually high. Generally it accounts for only a srnall amount 

of total glycerophospholipid in animal cell membranes and ads predominantly as 

a precursor to cardiolipin synthesis (Bourbon, 7991 ). In fact PO'S unusual 

prevalence in mature surfactant has formed the basis of a diagnostic test of lung 

rnaturity in the fetus (Bent et al., 1982). Other phospholipids present in 

surfactant include phosphatidylethanolamine (PE-5%), phosphatidylserine (PS, 

3%), sphingomyelin (SM, 3%), and lysophosphatidylcholine (LPC, ~ 1 % ) .  Neutral 

lipids represent 15% of surfactant lipids. These are cholesterol (Ch, -10%) and 

triacyig lycerols and assorted fie8 faty acids (Akino, 1 992). 

In a d d m  to the phospholipids, surfadant proteins which were first 

identified in 1973 by King (King et al., 1973), have recently been shown to play 

important roles in surfactant fuidion. At prewnt, four surfactant proteins have 

been identified, two are hydmphilic, SP-A and SP-D, while the other Mo are 



proteolipids, SP-6 and SP-C and e>rtremely lipophilic. Relative amounts and 

functions of each have yet to be detemiined, although SP-A is ciearly the most 

abundant (Whitsett and Weaver, 1991). 

2 . k  S m ü m i t  

A considerable bady of evidence nuw indicates that a majority of the 

protein and Iipid components of surfadant are synthesized within the type II 

pneumocyte. The nurnber of d i i t  cell types identified in lung combined with 

the paucity of certain of these, has presented a hurdle in understanding 

surfactant synthetic pathways and has indeed defined the problem with 

identwing surfactant regulatory mechanisrns. The developrnent of methods to 

isolate elveolar type II cells from the lung has allowed major advances in 

understanding these pathways. It is generally deat that the steps involved in 

synthesis of individual phospholipid components operate in a fashion which is 

similar to that of other cells: difierences exist only in relative activity at specific 

steps. An overview of the biosynthesis of the major phospholipids in surfactant is 

given below and shown in Figwe 1. 

The first step in lipid synthesis is formation d phosphatidic acid (PA). This 

molecule may be synthesùed via hivo interconneded pathways which produce 

the intemediate 1 -acylglyœrol-3-phosphate (1 -AG-3-P). One pathway starts 

with dmlating glucose, which appearo to be the major starting point in de novo 

synthesis of glycerophospholipids (Batenburg et al., 1978). This is taken in by 

the cell and converted to dihydroxyaœtone-phosphate (DHAP). Acylation and 



redudion steps pmduce 1-AG-3-P. The other pathway starts with free glycerol, 

which is phosphorylated to f&m glyœroI4-pMsphate (G-W). This molecule 

Vien u- an acylation step to produce 1-AGM. PA is then produced by 

a secondary acylation of 1-AG-û-P whidr pfoœeds mich faster than the first 

(Haagsman and van Golde, 1991), produchg phosphaüdic acid. It has been 

estimated that 60% or more of aie PA synthesired in isolated type II cells is via 

the DHAP pathway (Mason, 1978). This figure however has been questioned by 

Batenburg, who gave a value doser to 50% (Batenburg, 1992). The importance 

of PA lies in its being a precursor common to PC as well as acidic phospholipids 

PI and PG. It is therefwe a point d divergence of the respective pathways 

(Bourbon, 1991 ; Haagsman and van Golde, 1991; Batenburg, 1992). 

Synthesis of PC molecules requims hydmlysis of PA to fonn 

diacylgiyceroi (DAO). Cytidylyldiphosphocholine (CDPcholine) fomed by the 

sequential action of choline kinase and chol inephosphate cytidy l ylt ransferase 

(CP-C yf) on choline is incorporateci into DAO by cholinephosphotransferase 

(CP-T). This incorporation marks the division between the hydrophilic and 

Iipophilic synthetic intermecliates. Goad evidenœ from pulsechase and pool 

size studies indicate that in type II œlls CP-CyT catalyzes the rate-limiting step 

in DSPC synthesis (Possmayer et al., 1981 ; Post et al., 1982; Post et al., 

1984b). 

Generally enzymes responsible for PC synthesis do not appear to exhibit 

acyl group specificity (Cmœlius and Longmore, 1983; Post et al, 1983). It has 



also been suggested that enzymes involved in PC synthesis, ftom choline kinase 

to cholinephoQphotransferas8, are organised into an orderd array, effecüvely 

channeling the product ofone &on to the mxt enzyme (George et. al., 

1989). The ability of CP-CyT to ass0clSSOClate with adin wggest that the 

cytoskeleton plays a role in this organisation. 

Unsaturated PC is also convertecl to saturated foms by a deacylation- 

reacylation readion or a transacyiation reacüon, the former appearing to be of 

greater importance in lung tissue (Batenburg et al., 1979; Crecelius and 

Longmore, 1984). It has bwn estimated that 55% of DPPC synthesized passes 

through this rernodeling pathway (Den Breejen et al., 1989). the fernainder b 

converted dîrectly fiom satumted DAO. PA may also be converted, in the 

presenœ of cytidine triphosphate into CDPdiacylglycerol, a precursor cornmon 

to acidic phospholipids PI and PO. This molearle is converted diredly to PI, or 

phosphatidylgiycerophosphate, the latter is dephosphorylated to PO. 

Synthesis of PE follows a route similar to PC synthesis. Although the 

sarne diacylglyœml pool is utilized, very little satwated PE b found (Akino, 

1992). Synthesis of PS involves a catalyzed heaâ group exchange of PC or PE 

with free serimi. The ovennhelming majority of sudactant cholesterol appears to 

be importd fran the pool d cimlating lipoproteins (Hass and Longmore, 1980). 

Although specific to type II cells and possibly bronchiolar cells, synthesis 

of surfadantassocl*ated proteins appean, to be similar to protein synthesis in 



Fiaun 1 : Biosynthesis of the lipids phosphatÏdylcholÏne, 
phosphatidylglyœml and phosphaadylinositol. The abbreviations used in 
the figure am: 
DHAP Dihydroxyaœtone-phosphate 
AcylDHAP Acyldihydroxyacet~hosphate 
G-3-P Glycerol-ûghosphate 
1 -AG-3-P 1 -acyigIyœroI-û-phosphate 
DAG Diacyiglycerol 
CD?-DAG C ytidine S-diphosphate diacylg l yœrol 
CDP-choline Cytidine Sdiphosphate choline 
CP-CyT Cholinephosphate-cytidy lyltransferase 
CMP Choline monophosphate 
PG-phosphate Phosphatidylglyceroi-phosphate 
PC Phosphatidyfcholine 
PG P hosp hadidy lg lycerd 
PI P hosphatidy linositol 





other œlls. Translation of the genomic sequence is followed by modifications, 

the amount and type of which varbs among the four known proteins. lnterest in 

the surfadant-associated proteins has inaeased dramatically in the lacd two 

years as evidence has appeared suggesting that they are important in many 

aspects of surfadant fuidion (Codcshutt and Pomayer, 1992). Review of the 

associated literatum is beyond the rcope of this proj8d. 

2.3d Funcüon 

The M i o n  most ofter! associated with surfactant is the ability to 

stabilize alveoli at low volumes. It is generally accepted that the major 

constituent uf surfactant, DSPC, is primafily responsible for the ability of 

surfactant to Vary surface tension (Clements, 1 977). Because of its am phiphil ic 

nature, OSPC orients as a monolayer at the airinrater interface with the nonpolar 

acyl chains direded into the alveoli and the polar head group, in this case 

ch01 ine, towards the aqueous hypophase lining the alveolus. As alveolar surface 

area is decreased during expiration, DSPC moleailes foming the monolayer 

move closer to Bach other. Repuleive forces between adjacent molecules 

increase, resisting Mher decreases in surface area (Hills, 1988). In order to 

fundion, such a lipid monolayer must be below its gel-liquid transition 

temperature. Above this temperature, DSPC molecules lose their ordered state. 

This transition temperature for DSP C is 4I0C (Hawco et al. 1981 ). The presence 

of other lipid species in surfactant appears also to be important to the overall 

function. In particular, the acidic phospholipids, PI and PG, are important in 



promoting DSPC adsorption as a monoroleailar layer coverïng the alveolar 

suiface (Hellman and Gluck, 1976; Hallman et al., 1977) 

A mie for surfadant in alveolar M d  haneostasis has been postulated by 

Pattle (PattIe, 1955). SubQequent studies in which surfadant was nmoveâ from 

alveoli have shown an increase in liquid fi ow into the alveder space from the 

capillary beâ (BBChOfm et al., 1979). A suggested mechanisrn of action involves 

compression of the liquid phase behmwm surfadant and the alveolar wall 

equalizing that of the capillary bed pressure forcing liquid in the opposite 

direction (Walters, 1 992). 

Oefense also appears to k an important part of surfactant fundion. 

Several mechanisms of action have been proposecl. Simply covering the 

alveolar surfaces prevents evaporation which protecis cells from dehydration. An 

interaction has also been proposeci between surfactant and alveolar 

macrophages which seems to provide protection from bacteria. Macrophage 

activity against bacteria coated with surfaactant compared to uncoated bacteria 

was significantl y inaeased (O'Neill et al., 1 984). Surfactant defense also 

potential ly extends to inhi bition of pathogen proliferation (Coonrod et al.. 1 984). 

2.4 INlTIAiiON and REGULATiON of SURFACTANT METABOLISM 

Initiation of surfactant synthesis and m t i o n  during late gestation is 

critical for suwival of the newbom. Lipid and protein biosynthetic products are 

stored intracellularly as lamellar bodies. Extrusion of these organelles into the 



alveolar spaœ begins prior to birth when majcr structural changes ocarr. It has 

been suggested that exocytosis of Iarmllar boaes causes distortion of the 

organelle, which begins a pmœss d unmveling lamellar material producing 

tubular myelin which is generally regardeci as an intemediate between lamellar 

bodies and the surfactant mondayer (Chander and Fisher, 1990). Surfactant 

from the monolayer may be degraded or recyded. The total pool of surfactant 

DSPC within the lung has been estimated to be about twice that required to coat 

al1 alveolar surfaces (Wright and Clernents, 1987). In addition to this, surfactant 

replacement occurs at -10% (Yang et al., 1981) of the total per hour in adult 

animals, but up to 90% per hour in newboms (Jacobs et al., 1983). This 

suggests that the processes of surfactant synthesis, secretion, and clearance 

are tigMly regulated as well as being cmdinated with each other. 

2.4a Svnthesis 

In spite of years of research, mecbanisms controlling surfactant and 

DSPC synthesis in partiailar, remain speculative. Major work has focused on the 

rnorphological and biochemical changes which ocwr in lung tissue during 

development particularly during initiation of su r fan t  synthesis. A substantial 

amount of evidence indicotes that glucocorticoids (Liggins, 1969; Taeusch et al., 

1 972; Rooney et al., 1979) or thyroid hormones (Rooney et al., 1 978; Liggins et 

al., 1988) are ptimary agents responsible for lung maturation and initiation of 

surfactant and DSPC synthesis. fhese hormones act in concert with other 



factors to initiate surfadant synthesis and possibly secretion into the alveolar 

space- 

Although type II œlls conEsin qqmpriate meplors, the action of 

gluco~0Ricoids on type II œll phospholipid synthesis appears to be mediated 

predominantly by interstitial fibroôbsts (Post et al., l984îa). These latter œlls 

produœ and secret0 a low rnoleailar weight protein, fibroblast-pneumocyte- 

factor (FPF), in response to these h o m .  This interaction is confinned by 

studies in which FPF is eliminated by addition of monodonal antibodies or using 

pure type II ceIl cultures (Smith, 1979; Post et al. 1984~). Furthemore 

autoradiographic studies show inaeased g lucocorticoid receptor binding in 

fibroblasts just pflor to initiation of surfactant synthesis (Beer et al., 1984; 

Caniggia et al., 1991). Intracellulaily FPF stimulates DSPC (Post and Smith, 

1984; Post et al., 1984a) synthesis in fetal lung cells by acfivating enzymes in 

phospholipid biosynthesis pathways. Although several appear to play a role in 

regulation, CP-CyT which catalyzes the rate-limling step in DSPC synthesis 

(Post et al., 1983)(see sedon on Surfadant Synthesis, 2.3~)~ has received the 

most attention. 

Another mechanism through which glucocorticoids may function to 

regulate CP-CyT is by inducing an inaease in the amount of fatty acid synthase 

available (Xu et. al., 1989). The ability of phospholipids, PG in particular 

(Feldman et al., 1 978; Gilfillan et al. 1 QW), and fatty acids to activate C P-CyT 

has been known for several yean. Recently Batenburg and Elfring (Batenburg 



and EIfiing, 1992) demnstrated that exposure of fetal type II cells to fibroblast- 

conditimed corüsolcontaining d i u m  iclcreased the fatty acid synthase 

adivity. Furthmme, both COCÜsol and fibroblast-conditioned media were 

required to m i n  maximal activity. This suggests a rnesenchymal-epithelial 

interaction is essential to up regulate this enryme. 

Acüvation of CP-CyT within the œll end W s site of action rernain a topic of 

debate. M i l e  CP-CyT w s  initially thought to be activated by translocation from 

cytosol to membranes of the endoplasmic reticulum upon stimulation (Weinhold 

et al., l984), later studies failed to show reduœd cytosolic adivity expected with 

increased microsomal adivity (Aebechard et al., 1986; Chander and Fisher, 

1988). Furtheme recent evidence suggests that this enzyme is not infiuenced 

by activation of cAMPdependent protein kinase but activity does decrease 

under phosphorylating conditions (Znilmennann et al., 1994; Radika and 

Possmayer, 1985). A comprehensive overview of the mechanisms involved in 

the regulation of CP-CyT are yet to be described. 

Recent evidence has suggested glucocorticoid-induaed acceleration of 

lung maturation may also involve surfadant assocadaated proteins. While 

regulation of sufadant protein synthesis appears to be independent of 

glucocorticoids, the 5' flanking region of the SPA gene has been found to 

contain gluoocorticoid responsive elements (Boggaram et al. 1988) capable of 

regulating tranm*ption (Boggaram et al. 1 969). Low concentrations of hormone 



appear ta increase mRNA levels while higher concentrations inhibit the mRNA 

accumulation (Mendelson and Boggaram, 1999 ). 

Adrninistraüm of thyroxine (TI), triiodothyronine (T3) or thyrotropin 

releasing homione (TRH) has been &mm to accelmte lung maturation and 

increase surfadant producüon (Wu et al., 1973; Rooney et al., 1 978; Hitchcock, 

1979). Thyroid hormones which diier in adion ftom glucocorticoids, may act 

directly in type II pneumocytes (Smith and Hitchcock, 1983). possibly by 

potentiating the Mect of FPF (Smith and Sabry, 1983). This eKect does not 

appear to be extended to suifadant proteins (Ballard et al., 1986). 

It is generally accepted that surfactant secretion, the process of 

exocytosis of lamellar bodies into the alveolar space, is initiated priot to birth. 

Indeed, this process foms the basis for prenatal assessment of lung maturity 

through amniocentesis. Nevertheless, major regulatory factors involved in 

secretion remain unclear. Furthennom sepaiaion of factors regulating only 

secretion is dinicult as the entire surfactant cyde appears to be tightly regulated 

and evidence of reciprocal regulatÏon has appeared ( S m ,  1992; Kresch, 1994). 

Studies have utilised a number of models in examining surfactant secretion 

including in W and in wiïm systms such as organ culture, perfused lung slices 

as well as both adult and fetal type II œll cultures. These studies have identifid 

numerous mechanisms that afiBd secretion as measured by DSPC release. 

These indude distention (Oyarzun and Clements, 1 W8), microtubule disnrption 



with colchicine and vinblastine (Delahunty and Johnson, 1976), cholinergie 

(Goldenbewg et al., lm), admneqic ( 8 m  and Lonqnore. 1981 ) and 

purinergic (Gilfillan and Rooney, 1988) activation. Recent studies suggest that 

changes in üw physical sWe of extracellular DSPC (Suwabe et al., 1992; Scott, 

1992) as well as the ~ ~ ~ S B C I C B  of SP-A (Aiœ et al., lm) in the alveolar space 

also aff@ct secretion of surlacZant 

lnvoîvement of the cytoskeleton in surfactant secretion has been 

demonstrated üwough the use of the micmtubular transport inhibitors colchicine 

(Delahunty and Johnson, 1976) and cytochalasin (Tsilibary and Williams, 1983). 

In these cases secretion rates in lung slices were reduced. Adin filaments also 

appear likely to fundion in concert with microtubules and intemiediate filaments 

to transport lamellar bodies to the apical surface. Hwever using cultured type II 

cells, the opposite M8Cf whereby secretion was unafFeded or increased in 

response to the same agents was observed by Dobbs and Mason (Dobbs and 

Mason, 1979). While this may be due to changes in cytoskeletal structure in 

cultured œlls which grow in an attenuated fashion on culture substrate resulting 

in redudion in cell thidoiess compared to the in vRio situation (Mason, 1978): a 

dear explanation has rot appeared. Additionally, the disniption of cytoskeletal 

elements separating lamellar bodies from the cell membrane allow the Wo to 

fuse and exocytosis to ocair. This may also account for aie discrepancy in these 

findings (Wtight and Dobbs, 1991 ). 



Lung distenüon has been shown to i m s û  the amount of phospholipid 

that can be recovered fmm the lungs by konchoalveolar lavage (Oya~un and 

Clemcmts, 1978; Nicholas et al., 1982). In this case the mechanism producing 

secretion has not b e n  defined. Hmver  studies rreing cultured cells indicate 

two passible routes. fhe first was ObSBNeâ in fetal cells where cyclic stretching 

of cells, irnitating fetal breathing movement-induced distention increased ce1 lu1 ar 

CAMP levels (Scott et al., 1993). The second medianisrn may be calcium (ca2+) 

mediated. cak levels inweased in adult œlls Mer a single stretch (Wirtz and 

Dobbs, 1990). 

Inffeasing cellular ~ a *  by treating cells with the ionophore A231 87 al so 

stimulates secretion (Sano et al., 1985; Pian et al., 1988). Verapamil, a Ch2+- 

Channel blocker, was shown to inhibit caH uptake to the endoplasrnic retiwlum. 

This increases the intfaœllular ca2+, while increasing secretion, CAMP formation 

and phosphoinositide hydrolysis; these M8Cts conelated with elevated secretion 

of DSPC (Warkirton et al., 1989a). 

Receptor-mediated secretion has aleo been extensively studied. 

Adrenergic agonists which increase cellular CAMP levels have been found to 

increase seaetion (Dobbs and Masan, 1979; Brown and Longmore, 1981 ). 

Cholera toxin which bypasses the receptor to cause persistent activation of 

adenylate cydase by ADPiiboQylation of its G protein, also stimulates secretion 

(Mescher et al., 1983). Presumably the CAMP produœd activates CAMP- 

dependent protein kinase (PKA) which phosphorylates an eff8Cfor molecule(s) 



which in m e  manm is t i d  to the secfetory response. In contrast to 

adrenergic sümulaüon, d ro l im ic  agonists have clearly been shown not to 

affect secretion of surfiactant related mata*al in isdated type II cells (Hung, 

19ûû; Brown and Longmore, 1981). 

Adenoshe cornpounds, in paraailar AtP, are potent agonists of 

secretion. Ading via purinoceptom (Gilfillian and Rwney , 1 987; Gilfill ian and 

Rooney, 1988) they appear to adivate at least hno pathways in stimulating 

surfactant secretion. Pl agonists i m s e  cellular CAMP and presumably 

adivate a cAMPdepmdent kinase (Griese et al. 1993). Pz purinergic receptors 

cause hydrolysis of phosphatidylinositoi4,5-bisphosphate (PIP2), producing 

diacylglyœiol (DAG) and inositol trisphosphate (IPI) (Warkirton et al., 1989b; 

Rice et al.. 1990 Tio et al., 1991 ). 

IP3 mobilkes ~ a *  from intracellular stores. This ca2+ may be involved 

with activation of a protein kinatm C (PKC) together with DAG resulting from PIP2 

hydrolysis (Bell, 1986). &perimentally this enzyme may also be activated 

diredly by 12-O-tetradecanoyl-l3phorbol aœtate (Kikkawa et al., 1 983; Kraft 

and Andenon, 1983). This agent has proven to be the most potent stimulator of 

type II cell surfadant-related seaetion to date (Wright and Dobbs, 1 991 ). These 

observations strongly suggest that PKC activation plays an important role in the 

secretory process of type II cells. 

The presence of surfactant in alveoli has also been show to modulate 

secretion of surfadant-felated material. This effect appean to be mediated by 



PC and suradant protein A The ptesenœ of OPPC in culture media at 

physiological ternperahrms decreased secretion of surfadant-related material 

(Scott, 1992; Su- et al., 1992). In addition üie magnitude of the e f k t  on 

secretion was dependent on charadefistics in relation to fatty acid acyl gmps 

of the extracellular phospholipid (Scott, 1 992; Suwabe et al., 1 992). Surfactant 

protein A (SP-A) aloo inhibited secretion Mer stimulation by a variety of agonists 

(Dobbs et al.. 19û; Rice et al., 1987). The mechanism of DPPC and SP-A 

inhibition is unknown, but the general pattern which M8ds PKA, PUC- and 

caadependent pathways suggests it acts at a step distal to second-messenger 

production which may be m m o n  to all (Chander and Fisher, 1990; Suwabe el  

al.. 1992). 

2 . 4 ~  Recvcllnp 

In addition to de nom synthesis of surfadant components, evidence has 

recently been presented that type II pneumocytes from animals of various ages 

reutilize surfactant taken up from the alveolar space or the culture medium 

(Hallman et al., 1977; Chander et al., 1983; Jacobs et al., 1983; Scott, 1992). 

The contrikraon of recyding to the intracellular surfadant pool has been 

estimated to be as high as 90% in newbom rabbits (Jacobs et al., 1983) but 

appears to dedine to 40% in adults (Jacobs et al., I S S ) ,  although the latter 

figure has been questioned (Magoon et al., 1983). Feedback mechanisms 

appear to be important in lipid uptake by type II cells. ExtraœIlular SPA affects 

rates of uptake by both type II cells and alveolar macrophages. Once 



incorporated into type II cells, lipid cornponds may be degraded or recombined 

diredly with other surfmant~lated preansors. FBdm which control these 

proc8sses are only begiming to be def~defined (Wright and Dobbs, 1991 ). 

2.5 

The enzyme pmtein kinase C was discwered in 1977 (Takai et al., 1977; 

houe et al., 1977) and ha$ since been implicated in signal transduction 

pathways and furdions d many cell types (Kikkawa and Nishiaika, 19û6). In 

type II cells evidenœ indicetes that ATP binds to PI pun'nergic receptors and 

activates the phosphainositide cascade. Phospholipase Cjnediated hydrolysis 

of membrane phosphoinositides produces hnro intracellular second messmgers, 

DAG and the inositoltrisphosphate (IP3) (Ti0 et. al., 199l;Griese et al. 1993). 

Evidenœ indicates that IPs generation is associated with ca2-' 

mobilisation frorn intraœllular stores (Berridge and Irvine, 1 984). The released 

ca2' may fundion with DAG to activate cytosolic PKC. Association of ca2', DAG 

and PKC in the cytosolic cornpartment causes translocation to cell membranes 

where it associates with phosphatidylserine to complete activation of the PKC 

cornplex (Huang, 1 Qû9). 

Enryme activation may alw be achieved experimentally using the tumor 

promoter 12-0-tetradecanoylphorbol-13608tate (TPA) or related compounds 

(Castegna et al., 1 982; Kikkawa et al., 1 983; Waft and Anderson, 1 983). This 

approaai has proven extremely useful in many studies examining the role of 



PKC activation in œll fundion. Hawiever TPA activation is not physiological and 

evidence indicates activation may be permanent, accounting for at least in part, 

the tumov-promoti~ actMty of TPA (6- and Nelsestuen, 1989). 

Isolatecl adult type II pneumocytes have been found to secrete DSPC in 

response to exposure to TPA (Odbbs and Mason, 1978; Mescher et al., 1983; 

Sano et al., 1985). In fact TPA and adenosiine trisphosphate (AT?) are probebly 

aie most potent agonists p m t i n g  wrfadant-mlated phospholipid secretion 

(Mason, 4992). In fetal type II cells addition d TPA may also increase 

incorporation of ['~lcholine into DSPC (Scottl t 994). These results suggest an 

important role for PKC in secretion and in fetal type II cells, perhaps synthesis of 

surfactant related camponents. 

Difrentiation of type II cells and their ability to synthesize and secrete 

surfactant into the alveolar spaœ begins prior to birVi. It has been previously 

show that alveolar type II œlls first appear in the rabbit fetus after gestational 

day 24 (Kikkawa et al., 1968; Kikkawa et al., IWl). Studies by Williams 

(Williams, 1977) and Faridy and Thliveris (Faridy and Thliveris, 1987), have 

shown clearly that larnellar bodies and surlactant components are secreted by 

the fetal lung prior to birüi. Specifically larnellar bodies aie detectable in alveoli 

by the 27m gestational day.. This suggests that whatever the secretory 

mechanisms regulating release, they are at the very least in place at this time of 

gestation. If PKC activation is a prerequisite to surfactant synthesis andlor 



secretion regulation, then it rnay k active in fetal œlls during the period when 

surfadant synthesis/~~~retim is initiatd. 

Although a rok for PKC activation has been hypothesized in surfactant 

release from adult type II pneumocytes, aie ectivity of this enzyme has not been 

previously studied in either fetsl or newbom lung. The present study mis 

condudd to chracterize the activity of PKC et diffemnt stages of fetal lung 

development and compare this to th8 ocüvity prdile in adult Iung. In addition, the 

eff8Cfs of TPA-induced PKC activation in isolated fetal type II œlls was also 

detennined, 



MATERIALS and METHODS 

Tmed pregnant New Zealand White rabbits were obtained from Vie Blue 

Fam Raôôitry, St P i m ,  Manitoba. The time of mating mis known to within 1 

hour and this time was designated as day O. Chernicals were obtained from 

Baxter-Canlab (Mississauga, Ont) or Sigm Chernical Co. (St Louis, Mo.). 

Tissue culture materials wrm, from Gibco (Mississauga, Ont). Protein Kinase C 

assay kit was obtained from Arnenham (Oakville, Ont). Radioisotopes (PPI- 
orthophosphoric acid [spedfic adivity 1,1 WCiImmol], [g PP]-adenosine-5- 

trisphosphate [specific activity 3,000 Cümmol], [methyL3~] choline chloride 

[specific acüvity BO Cilmml] wwe obtained h m  New England Nuclear. 

CentrifUgation steps were canied out using the Joaun CR3000, and International 

Equiprnent Company (IEC) centrifuges IEC 8-20 and B 4 O k  The latter two 

required IEC rotors A-237, A-321, and 88-283. 

F radionation procedures went camed out as descn'bed previously 

(Oulton et al., 1986) using lung tissue Rom rabbits of 24, 27 and 30 gestational 

days as well as postnatal day 1 and aduît. Tissue was also taken from 18 day 

fetuses but not fractionated due to the small amomt of tissue available per litter. 

Pregnant New Zealand White mbbits were anaesthetized by intravenous 



injection of Euüianyl (sodium pentobatbitol. 240 mghnL) into aie lateral ear vein 

and fetuses were delivered by hystmtomy and decapitated. Lungs were 

disseded from the thorax and weighed. They were placed in ioe cold Hank's 

Balanced Salt SolutÏon (HBSS) (Gibco), mi& with sci*ssors and homogenised 

in 9 volumes (mls:gm of tissue) of m r  A (0.145 M NaCI, 0.01 M TriMiCl, 

0.001 M EDTA, 0.005 M EGTA, 10 uglul Leupeptin, 5 uglul phenylmethylsulfonyl 

fluoride, 0.005 M Bniercaptoend) with a Polytron homogeniser. Cellular 

debris and unbroken cells were pelleted by centiifuging the homogenate at 

i4Oxg for 10 minutes. This fraction was discardeci as its composition has not 

been characterized and probably represents a mixture of unbroken cells, debris, 

and cannedive tissue (Oulton et al., 1986). The nuclear fradion was ccillected 

as a pellet using centnhrgation at 1,500xg for 15 minutes. The supemate was 

spun at 10,000xg for 30 minutes to obtain a m d e  mitochondrial fraction. 

Lamellar body and purified mitochondrial fractions were isolated by centrifuging 

a portion of the resuspended crude mitochondrial designated ~ i t o '  , fraction 

over a discontinuous sucrose gradient (5 mL of 0.25 M sucrose over 5 mL 0.68 

M sucrose) in a swinging bucket rotor (SB-283) at 68.000xg for 60 minutes as 

describecl by Oulton et. al. (Oulton et  al., 1986). The lamellar body fraction 

collected at the interface of the sucrose solutions, while a second mitochondrial 

fraction, designated Mit02 pelleted beneath the gradient. The supemate from 

the 1 0,000xg centrifugation was spun at 1 0 0 , ~ g  for 90 minutes. This 

produœd a microsomal fradion (pellet) and a cytosolic fraction (supemate). All 



pelleted fiactions wem resuspended in homogenizing bufier. Protein kinase C 

adivity was assessed immQcdiately tdlowing subfiadionation. The remainder of 

the fiadions were frozen at -?O°C wor to analysis. 

3.2b Pmtein QuantMcaüoq 

Protein assays were done using the Bio-Rad protein assay kit available 

from Bio-Rad Laboratories (Mississauga, Ont), which is based on the method of 

Bradford (Bradford, 1976). This kit produces a color change upon the formation 

of a complex behNeen the Coomassie blue âye and sample protein. The intensity 

of the color may then be compared spectrophotometncally to that fonned by 

known amounts of bovine semm albumin at 595 nm. 

Phospholipid was quantifid in the organic solvent soluble fraction by 

detennining phosphorus concentrations in the samples using a method based on 

that of Bartlett (Bartlett, 1959). All tubes used in this assay were previously 

washed in a phosphate-free detergent Phosphorus was released by charring an 

aliquot of the sample in a test tube witt~ 1 mL of 70% perchloric acid for 15 

minutes on a Kjeldahl radc Free phosphorus was readed with 2 mL of 1.25% 

ammonium molybdate in 0.5 N wlphuric acid followed by 1 mL of 10% ascorbic 

acid at 60%. Samples were quantiied against standards of known phosphorus 

concentrations by cornparison of their spectrophotometric absorbances at 820 

nm. Phosphorus concentrations m r e  converted to phospholipid by multipl y ing 

by a factor of 25, the appmximate ratio of oieir respective rnolecular weights. 



In ofder to detemim the relative phoapholipid cornponents of the lamellar 

body ftaction and to detemine developmental &anges. phospholipids were 

separated and quantifieci. Phospholipid component of lamellar body fndions of 

day 27 gestation, day 1 postnatal, and adult rabbits war isolated ftom the 

samples folIovuhg the Bligh and Dyer protocol (Bligh and Dyer, 1959). One 

volume of the ftactr-on was mixed with six vohmes of drlor0form:methanol (1 :2). 

After vortexing, two volumes of chIoloforni were added and the mixture was 

vortexed again. The phases were separated by the addition of 2.6 volumes of 

1 % potassium chloride and centrifugation at 1&g for 5 minutes. The top 

aqueous fradion was rernoved and discarded. The bottorn organic fraction was 

dried under nitrogen and resuspended in 1 mL of chloroform:methanol(20: 1 ). 

Total phospholipid content was detemined by assaying the phosphorus content 

of a 50 pL aliquot. A 600 (iL aliquot of this fradion was then set aside for DSPC 

isolation and quantification, the temainder was used for determination of 

phospholipid profiles. 

To charactefize the phospholipids, a 250 p l  aliquot was applied to thin 

layer chmmatography plates ( M D ,  19 channel, Whatman). Standards 

(phosphatidylglyced. phosphatidylethanolamine, phosphatidy 1-L-serine, 

phosphatidylinositol, phosphatidy lcholine, sphingomyelin and 

lysophosphatidylcholine) were platecl in adjacent channels. The plates were 



developed in a solvent system of chlom&m:ethenol:water:triet h y lamine, 

3034835 as describecl by Twchstone et al. (TOUdlstone et ai., 1990). The 

solvent front was allawsd to fun to the top of the plate, The plates were 

removed, air dried and nin in the same diredion a second time in the same 

solvent system. Phosphdipids were visualired by staining with Molybdenum 

Blue (Vaskovsûy and Kostetsky, 1 968). Relative amounts of each phospholipid 

were detemined by saaping the appropriate spot off and quantifying the 

phosphorus as describecl above. Phospholipids in this system separated 

adequately, save for PS and PI which could not be resolved as separate spots. 

Phospholipid profiles were also detennined from lamellar body fraction of 

isolated type II œlls cultured from day 24 gestation fetuses. Although these are 

not lamellar bodie proper, they contain a phospholipid material and exhibit 

lamellar-like structure (Scott, 1992). Prior to fradionation, isolated fetal type II 

cells were first incubated with  choline and SJ~-inorganic phosphorus for 24 

hours. Phospholipid separation was done as desaïbed above with the exception 

that the quantification step was achieved by counting radioadivity in the 

phospholipid fractions on a scintillaüon axinter (mode1 LS 5800, Beckman). 

Quench was detemined using W (Beckman Instant. Palo Alto. Ca.). 

Detemination of the DSP C teveb in the ftadions was done by a 

modification of the colurnn chromatography technique developed by Mason 

(Mason et al., 1976). The 60qiL portion of the organic fraction was dried under 

air, and resuspended in 1 m l  of CCL containing 3.1 4mg of OsO,, vortexed and 



allowed to inaibat8 at m m  tempefatum far 30 minutes. The fraction was dried 

under air and resuspended *th SmL of chl0~ofrom:methanol(20: 1 ) and 

vortexed. This was applied to activated neutral alumina columns (4crns x 1 an). 

Each column was eluted with IOmL of chl0tofm:methanoI (20:l) to femove 

neutral lipids. DiWurated phoapholipids wefe eluted with SmL of 

chlorofm:methanol:amnonnim hydroxide (70:30:2). The eluant was collecteci in 

vials and a l l d  to evaporate to dryness. Eluant from whole lung was quantified 

by phospholipid assay white those fmm the wltured cells were measured by 

scintillation counting. 

3.2e Emme drrrw 

Protein kinase C was assayed using a modification of the technique 

developed by Hannun et al. (Hannun et al., 1985). 100 pg of fraction protein was 

incubated with 1 mM ~ a * ,  8 mole% phosphatidylserine, 2.5 mM dithiothreitol, 15 

mM NIg2', 50 mM [g-=?]ATP (total adivity 0.25 mCi), and 75 mM synthetic 

substrate peptide in 50 p l  of 50 mM Tris buffer at pH 7.5 at a temperature of 

25OC for 3 minutes. Readion was initiated by addition of 25 PL of 12 mM TPA in 

the same M e r  and tenninated by addition of 100 pL of ice cold dilute 

orthophosphoric ocid. The readion mixture was flushed ont0 a peptide-binding 

paper, and washed hMce with 5% aœtk acid. The papers were placed into vials 

with 10 mL of Ready Protein+ Scintillation Coddail (Beckman), and counted in a 

scintillation counter (mode1 LS 5800, Bedunan). =P counts with an efficiency 

approaching 100% under these conditions. Quench was correcteâ by H# which 



is based on the spednm of '=CS. CalQunghosphatidylserine-independent 

adivity was deteminecl using the ab- assay wïthout calcium, TPA or 

phoshatiâyI~ne. In al1 cases calcium-phoSphatidyl~*ne-dependent activity 

was detmined by subtracting the calciumghosphaüdyIsefine independent 

activity fiom the total activity. 

3.2f Inhibition Assavs 

The efbct of known PKC inhibit- was measured in lamellar body and 

microsomal fractions. ProtocoI was identical to that used above. Acridine orange, 

9-amin~a~dine, which have been shown to lkcalize to lamellar bodies (Fabisiak 

et al., 1997) and sangivamycin were used to inhibit PKC activity at 

concentrations of 0.0 - 2.0 mM (aafdine orange and 9-aminoacridine) and 0.0 - 
0.2 mM (sangivamycin). 

3.2a Delinidation of Fractions 

Subcellular fradions, lamellar bodies in particular, contain very high 

phospholipid concentrations (Oulton et al., 1993). This may interfere with PKC 

adivity, which is phospholipid dependent H igh levels of phos ph01 ipid may also 

interfere with protein quantification ((Friedenauer and Berlet, 1989; Kirazov et 

al., f993). Portions of samples were delipidated prior to protein quantification 

and enzyme assay. The procedure used was that of Fiscus and Schneider 

(Fiscus and Schneider, 1966). BriMy1 2 mL samples of each fraction were mixed 

with 20 mL of acetone at 4'C. Precipitate was collected by centrifuging at 

10,000xg for 10 min. The pellet was washed with 5 mL of butanol and collected 



again by œntnfugatim. The pellet was dried at O°C under a Stream of nitmgen. 

The pellet was resuspmded in a small volume d hcmogenization buffer prbr to 

protein and eruytm assay. 

A more thorough examination of the processes of surbtant synthesis 

and secretion is possible if sumunding influences are kept at a minimum. The 

use of tissue culture techniques a l l m  the isolation of nearly pure type II cell 

populations fran lung in which some 40 diffent cell types oaxir (Sorokin, 

1970). Fetal pre-type II cells were isolated on the 24* day of gestation by 

trypsinization and differential adhesion as descfibed previously (Scott et al., 

1983). These cells have ben characterized for the ability to produce surfactant- 

related disatumted phosphatiâyIcholine (Scott et al., 1986) and lamellar bodies 

(Scott, 1992). 

Pregnant New Zealand White rabbits were anaesthetized and fetuses 

were removed by hysterotomy and decapitated. Lungs were dissected from the 

thorax and placed in iceald HBSS. Aner removal of the heart and major 

airways, tissue was ait into cubes d 4 mm with sharp scissors and chopped on 

a Sonfa1 Tissue Choppef. Cells wre enrymatically dissociated into a 

monocellular dispersion by sümng with 100 rnL trypsin solution (0.5 g/L), and 80 

mg DNAse 1 (525 Ulmg) for 40 minutes. The mixture was filtered thmugh 3 

layen, d 1% pm Nitex gauze, and protease activity was stopped by overloading 

with 100 mL of 10% carbon stfipped Fetal Calf Serum (sFCS) in Minimum 



Essential Medium (MEM). Cells were plleted rit 14ûxg for 8 minutes, 

resuspended in 50 mL d MEM with 10% sFCS (vh)  and plated in 75 cm2 flasks 

for 1 haur to remove fikoblasts. This was repeated a second time for a 1 /2 hour 

duration. UnatEached œlb wem colîected by centriCugation at 250x0 for 8 

minutes, resuspended in 20 mL MEM with 1û96 sFCS (vlv) and plated in 25 cm2 

flasks at a density of not les$ than Md per cm2. Cells were 95% pure type II as 

ascertained by osmium tetroxide or trichrome staining (Mason et al., 1976) 

(Scott, 1994). All cells w m  ured m i n  34 days of isolation. 

3.21 Addback Assavq 

To detemine if the observed lamellar body fraction PKC activity was 

endogenous or the result of contamination, an addbadc technique was employed 

(McMurray, 1 974). Isolated pre-type II cells were exposed to fibroblast 

conditioned medium (FCM) for 24 houn to induce difrentiation (Smith, 1979; 

Scott, 1992). After this period cells were transferred to fresh media with or 

without 10% TPA for 2 hours, as shown in Table 1. Medium was removed and 

the cell monolayer washed with icecold HBSS. Cells were scraped into 

homogenisation buffer A, homogenised and subffadionated as desaWd 

previously (se8 section 3.2a). Following subfradionation of the cells, the amount 

of nonrernovable miuosomal contamination in the lamellar body fraction was 

detennined by assaying for the irwrker enzyme cytochrome reductase C. This 

gave a baseline percentage of microdomal content in lamellar body fraction. 

lncreasing amounts (1 -5 pL incremts) d microsomal fraction were added to a 



fixed arnount of lamellar body fraction. Pmtein kinase C adivity was assayed as 

previoudy indicated in these fractions. Specific activity was plotted versus 

rnicrosomat content and the best-fit lima were f& by cornputer and extrapolated 

to O miaoaomal content Enzyme adivity is axisidered endogenous to the LB 

fraction if the extrapolated line wss8s the y d s  before the x-axis, Le. activity is 

present at zero contamination. 

3.21 Svnthesis of Surfactant-Related Phosoholinid 

The Mect of TPA-induœd PKC activation on raâiolabelled preairsor 

incorporation into surfadant=related phospholipid was detennined. Briefly, 

isolated type II œlls were incubateci with TPA (1 oW7-1 o4 M) simultaneously with 

the precursors [3~]choline and [lS~]-inorganic phosphorus in Minimum Essential 

Medium (MEM) for 4 hours. After the incubation, medium was removed and 

discarded. Cells were washed with HBSS, scraped from the culture vessels into 

HBSS, homogenised. The cell homogenate was mixed with adult iung 

homogenate which aded as a carrier. Subcellular -ions, including lamellar 

bodies, were isolated as desaibed previously (Oulton et al., 1986). 





3.2k Me- d SurfWmt-Rdated ~ ~ i d c (  

f o  detemine if PKC aditvation is associatecl with release of surfactant- 

related material, isdated pre-type II cells wrm, allowed to incorporate the 

preairsors m]choline and ~ ~ ~ ~ n i c  phoaphonis for 24 hous. Prelabelling 

media was decanted and replaced wiîh i P A  in MEM (IO~M) for2 hours. Media 

was collected, filtered to mmve cells and saved. Cells were scraped from the 

culture flasks, homogenised and subœllular fractions including lamellar bodies 

were isolatecl from œlls as describeci for the lung tissue. 

Subftadionation of the media was carried out as done previously with 

tissue, to detemine if materÎaI reIeas8d in response to TPA was similar to lung 

lamellar bodies. Medium collected ffom control or TPA-exposeci cells was 

centrifuged at 100,000xg for 1 hour. The pellet was rnixed with adult rabbit lung 

homogenate as carrier and isolated by sequential centrifugation as descn'bed 

above (Oulton et al., 1993). The ['HI and $PI radioactivity were measured in 50 

pL aliquots of each subfradion and extrapolateci to total fraction volume. 

Additionally, the cells w e  also subfiadonated in the same manner in an 

attempt to determine the cornpartment of origin of the released radioactivity. 

Phospholipid profiles were ~ISO deterrnined in the released matefial by thin layer 

chrornatography as desaibed previously (section 3.2d) 

3.21 Test of TPA CvtotoxMty 

In order to address the question of whether TPA could have a toxic effed, 

the cells were inaibated for 1,2,4, 8 and 24 houn with lo4 M TPA The media 



was colleded and filtered to remove cbad cells. Lactate dehydrogenase activity 

in the meclia warr deteminecl wing a kit (LDL-20) available from Sigma 

Chernical Co. (St Louis, Mo.). This assay measures the adivity by monitoring 

spectrophotmetfically cdor changes producd at 340 nm as the enzyme 

converts substrate ladate into pynnrate. 

3.2m Statisücs 

Analyses of differenœs behmn groupa w r e  conducteci by p s t  hoc 

application of Duncan's Multiple Range Test after detemining that sudi 

cornparisons were valid by analysis of variance. 



RESULTS 

4.1 w o r ~ u ~  

Protein and PhoQphOIipid content of rnic~osomal. lamellar body and 

cytosolic subcellular fractions of fetal, newbm and adult lungs are show in 

Table 1. Protein levels in al1 three fiadions increasd to a maximum on 

gestational day 30. The levels d phosphdipid content of the microsomal and 

cytosolic mpartments displayed e biphasic pattern priar to birth. The lamellar 

body M i o n  phosphdipid content peaked on gestational day 27. The ratio of 

phospholipid to protein was highest in the lamellar body fraction at al1 tirnepoints. 

This ratio displayed a biphasic pattern peaking on day 27 and again on day 1 

postnatal. m i s  ratio was also highest in the lamellar body fraction of post-natal 

day 1 rabbits. 

A graphical representation of total phospholipid and protein in tha adult 

rabbit lung, and the resulting ratio of the two are show in Figure 2. The lamellar 

body fradion d aduH lung is obsenmd to contain a much greater levels of 

phospholipid Vian any other fraction. 
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Fiam 2; Protein. phospholipid and protein:phospholipid ratio of the 

subcellular fractions fmm adult rabbit lung. Subcellular -ions of adult 

lungs wers prepared as described in Materials and Methods. Pmtein and 

phospholipid content were measureâ in aliquots of each subcellular 

fraction as descn'bed in Materials and Methods. Each bar represents the 

mean * standard error of the mean of three replicates from f i e  samples. 





Lamellar bodies isoleted from rabbit Iungs of 27th gestational day, 

postnatal day 1, and adult animals wefe analysed fw their phospholipid 

composition and the reruits are shwn in Table 3. Phosphatidyld~oline was the 

major constituentg accounting for between 8065% of the total lipid content in al1 

three samples of lamellar body material. Analysis of a separate aliquot indicated 

that the disatufated fonn of phosphüdylcholine accounted for approximately 

50% of the total lipid in the fraction. The relative percentage of 

phosphatidylglyœrol increased from day 27 of gestation to adult levels. 

Phosphatidylinositol and pho~phat idyl~ne accounted for 8% of total 

phospholipid in day gestational day 27, increasing to 10% in postnatal day 1, 

followed by a small dedine to 7% in the adult lung lamellar bodies decreased 

from approximately 1 % during gestation to a postnatal level of 0.1 5%. 

4. f t Protein Kinase C ActivHy 

Figure 3 depicts total PKC activity detected, with and without the addition 

of the cofactors cab and PS, in lamellar body and microsomal fractions in adult 

rabbit lung. The addition of these COfadors increased microsomal PKC activity 

by approximately a%, but did not have a signifiant efF8Cf in lamellar body 

fractions. All assays displayed nonerirymaüc phosphorylation at a level of 6%. 

Figure 4 shows a time cwrse for total and ca2'-PS-dependent 

phosphorylation in the microsomal fradion of ~4~ gestational day and adult 

rabbit lungs. Total acüvity increaseâ up ;O 5 minutes of incubation in al1 samples 



before reaching a plateau. This time response was refl8Cfed in the proportion of 

PKC adivity dependent on ca* and PS. which also peaked at this time. 

4.1d Snecific and Tofrl PKC Activihr 

Subcellular fiacüomtion of lung producd five fractions: a nuclear 

m i o n ,  as well as rnitochondrial, lamellar body. micmomal and cytosol ic 

fractions. Lungs from animals of 18 and 20 gestational days wem not 

subfractionated due to their maIl sue. ~a*-~s-protein kinase C activity was 

deteded in al1 ftadions isolat& A represmtative graph of the total versus 

specific activity in adult lung ftadions is Stiown in Figure 5. The greatest 

proportion of activity is obsenred in the cytosoIic cornpartment (approximately 

85%). A signifiant proportion is localised in the lamellar body ftaction (3% in the 

case of adult lung). the remainder was distributed arnong the partiailate 

fractions. 

Specific activity deteded in the lamellar body and cytosolic fractions was 

found to be of similar magnitude. Specific activity in both these fradions was 

substantially higher Vian that det8deâ in the partiailate fractions. 





F bure 3: cas-PS-indepemdent and total protein kinase C activity in adult 

rabbit lung lameilar bodies and microsomes. The assay metW is as 

described in Materials and Wthods. The plus and minus signs below the 

ban denote the presence or absence of calcium and phosphatidylserine 

in the reaction. The lone bar to the left of the graph depicts the amount of 

background phosphorylation that ocairs in the absence of Vie added 

subcellular fractions to the reaction mixture. The asterisk indicates a 

significant difference at the pc0.05 level. Each bar represents the mean f 

standard eror of the mean of three replicates from at least five lung 

samples. 



Fig 3. Total and ca2+-PS-independent 
protein kinase C activity in adult rabbit 
lung lamellar bodies and microsornes 



Fiaure 4; A time course for ~a*- depe pendent and total Protein Kinase 

C activity in miaosomal ftadion of adult and gestational day 24 rabbit 

lungs. The assay was cavîeâ out as desaibed in Materials and Methods 

over 15 minutes with identical amounts of protein. Each point reptesents 

the mean f standard error of the mean of three replicates from at four 

three lung samples. 



Fig. 4. Time course for Ca -PS-dependent 
and Total PKC activity in adult and fetal 
rabbit lungmicrosomal subcellular fractions. 
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Fhum 6; Specific and total adivity (expressed as a %) of c ~ ~ - P s -  

dependent protein kinase C activity in subcellular fractions isolated from 

adult rabbit lung. Isolation and enzyme assay of the wôœllular fractions 

were as desaibed in Materials and Methods. Each bar represents the 

mean f standard error of the mean of six samples. 



Fie 5. ~ a * + - ~ ~ - d a ~ c n d c n t  protein kinase C activity in adult 

rabbit lung subcellular fractions 
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#,Id-i Sdtk Activihr 

Changes in specific adivity of ~a''-P~dependent PKC with age is show 

in Figure 6. Homogenate tpecitic e - v i t y  was low prior to and including 

gestational dey 24, but iclcceased dramatically (approaching 10 fold ) to peak on 

day 27 gestation. m i s  adivity is deaeaseâ to roughly 50% of peak activity by 

postnatal day 1 , which approximates specifc activity in the adult The nuclear 

and miuosomal activity followed similar patterns decreasing between gestational 

days 24 and 27, increasing slightly just prior to birth. The mitochondrial fraction 

displayed a continuous increase throughout the range. The wide fluctuations of 

the homogenate was not teflected in any of these three fractions. Cytosolic 

specific activity decreased by approximately 50% between gestational days 24 

and 27, but recovers almost 90% of the specific activity by postnatal day 1. 

Activity in the lamellar body subftadion displayed great variability with age as 

well as within each individual age group. The general trend of the activity 

increased by greater than 100% between days 24 and 30. Specific activity 

decreased to approximate adult levels by postnatal day 1, 10% of the peak 

activity. 



Fiaun 6: Specific actMty of cab- depe pendent protein kinase in 

homogenate and subcellular fradions of fetal newborn and adult rabbit 

lungs. Coordinates of the horizontal axis indicates gestational age (21 - 
30), birth (B), postnatal age (15) and adult (A). Each point represents the 

mean f standard error of the mean of ~a*-PS-dependent protein kinase 

C activity assayed in triplicate in isolated fradions from a minimum of 

three animals (adults) or three litters (fetuses and newborns) at each time. 



Fin. 6 .  ca2*-PS-dependent PKC activity in 
developing, neonatal and adult rabbit lung 
subcellular fractions. 



4,ld.i Total Acfivitv 

Figure 7 depicts the changes in total ca2+- depe pendent PKC in the 

same fradiors shown in Figure 6. Homogenate total enzyme activity was low on 

the gestational days 18 and 20, but inaeaoed considerably after this. peaking on 

day 27. The variation of total enzyme activity with age in nuclear, mitochondnal, 

microsomal and cytosolic acüvity wwe of a sirnilar f i ,  characterized by a 

biphasic pattern with high activity on gestational days 24 and 27, followed by a 

sharp decrease ïmmediately prior to birth, increasing again on postnatal day 1 . 

In contrast the lamellar body -ion peaked on day 27, before a rapid decrease 

ta adult levels by postnatal day 1. 

4.18 Inhibition Assam 

Figure 8 shows the response of microsmal and lamellar body PKC 

activity when assayed in the presence of varying concentrations of in hibitors. 

Sangivamycin was the most potent of the three inhibitors used with an IC50 

(inhibitor concentration producing 50% reduction in nomal activity) of 0.025rnM 

in the microsornal fradion. Inhibition of miaosomal PKC activity by auidine 

orange and S-aminoacridine gave IC50 of 0.2 and 0.6mM respectively. The 

larnellar body fraction was resistant to inhibition, giving enatic responses to 

increasing inhibitor concentrations. 



Fiaun 7; Total activity of ~a**-?~dependent protein kinase in 

homogenate and subcellular fiadions of fetal newbom and adult rabbit 

lungs. Coordinates of the horizontal axis indicates gestational age (21- 

3û), birth (B), postnatal age (1-5) and adult (A). Each point represents the 

mean f standard error of the mean of ~a*-~~-dependent protein kinase 

C activity assayed in triplkate in isolated fradions from a minimum of 

three animals (adults) or thrw litters (fetwes and newboms) at each time. 



Fig. 7 .  Ca -PS-dependent PKC activity in 
developing, neonatal and adult rabbit lung 
Subcellular fractions. 
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Fiaure 8: Effect of the PKC inhibiton Acridine Orange, SAminoacridine 

and sangivamycin on enzyme activity in lamellar body and microsomal 

fractions. Identical amounts of protein from adult lamellar body and 

microsomal fractions were incubated with various concentrations of the 

three a b m  inhibitors, and PKC adivity assayed. Results are expressed 

as pmoles of $PI transferred per minute. Each point represents the mean 

t standard enor of the mean of at least four replicates. 



+2 
Effect of Ca -PS-dependent PKC inhibitors o n  enzyme activity 

Lamellar Bodies Microsornes 

Sonqiromycia (mu) 



4.1f PKC Activitv in üdimidatd Fmüom 

TaMe 4 shows the ~a*-P$depmdmt PKC rctivity in iwlated fractions 

from dey 27 gestation, day 1 postnatal and the adult lung that wre subjected to 

a delipidation procedure. Most fradims displayed subsbntial recktions in 

specific activity mer delipidatiorl. In the Iungs of day 27 gestational day fetuses, 

the crude mitochondrial and lamellar body fiadions retained a greater level of 

adivity. Delipidation iemoved the majority of the ca2=Ps-dependent PKC 

acüvity in the homogenate and rniaosomal fraction. 

Fractions isolated from postnatal day 1 animals displayed an opposite 

reaction to the delipidation. The homogenate and the microsomal fraction 

retained a greater proportion of actnnty aiter delipidation. 





~a*-~~dependmt PKC activity in Iame~llar body and microsomal 

fractions of contrd and TPA+xposed cdls is shown in Figure 9. Larnellar body 

PKC adivity was not signircantly aff6cted by exposure ta TPA However, adivity 

in the microsamal fraction did increase in response to incubation with TPA 

Figure 10 illustrates the results observd in the addback assays conducted on 

the dinerent preparations of lamellar body fractions isolated from cultured cells, 

and treated as shown in Table 1 (see Matrials and Methods, addback assay.). 

The preparations not exposed to TPA produced a curve that when extrapolated, 

crossed the y-axis below zero activity at zero microsomal content. The curve 

generated from the subcellular fractions collected from cells exposed to TPA 

gave a positive y-intercept when extrapolateci to zero microsomal contamination. 

4.2b Distribution of Radioactivitv in Fetal T m  11 Alveolar Cells After TPA 

Exnosure 

Radioactivity in subcellular fractions isolated from fetal rabbit lung cells of 

dey 24 gestation fetuses exposed to  HI choline with or without TPA are shown 

in Figure 11. lnorganic [ S ~ P ]  s h d  an identical profile and is not shown for 

sim pl icity. Mitochondrial, microsomal and lamellar body subfradions from cell s 

exposed to f PA displayed a significantly greater (pe0.05) in radioadive 

preairsor incorporation compamd to the m e  fractions from unstimulated cells. 

Total membrane and cytosolic incorporation also showed differences, although 



the TPA induœâ dedine in cytosolic ~rporatiCon did not reach significant 

levels 

4 . 2 ~  Reka88 of R a d i d v e  Pmcumom In Resmonse to T PA Stimulation 

Figure 12 shows relative a m n t s  of radioactivity released by the œlls 

after subhgdionation of the media by the previousl y descri bed centrifugation 

steps. Fractions isolated do not necessarily indicete aie presence of a true 

fraction, Le. a nuclear or mitochondrial, but rather a fraction of rnaterial t hat 

pelleted under conditions nonnally used to isolate that fraction from a cell 

homogenate. Cells allawed to incorporate the radioactive piecunors prior to 

TPA stimulation were found to release significantly greater levels of radioactivity 

into the culture medium than cells not treated with TPA fhe subfraction 

corresponding to lamellar bodies from TPA-8xposed cells wntained a ten fold 

increase of inorganic 3 2 ~  and 3~choline. Significantly higher amounts of 

radioadivity were also seen in the mitochondrial and microsornal fractions. 

Figure 13 shows ultrastructural characteristics of material collected from the 

culture medium of fetal type II cells exposed to lo4 TPA Diffise liposomal or 

micellar-like structures were det8ded. In addition, membranous whorls 

resembling lamellar body-like material but in a somewhat distended state were 

present No evidenca was was found indicating the presence of damaged cells 

or subcellular organellar cornponents. 



Fiaun 9;  ah-fsdependent protein kinase C adivity in lamellar body 

*action and rnicrosomal fractions isolated fran fetal type II alveolar cells. 

Celis were induced to differentiate by exposure to conditioned medium 

(CM) for 24 hours prior to incubation with TPA Cells were transferred to 

fresh medium with or without 1 0 ~  TPA for 4 hours. Subfradions were 

isolated as detcribed as in Materials and Methods. Each bar represents 

the mean f standard emr of the mean for a minimum of six 

deteninations. +, significantly different (p9.05) from the cell samples not 

exposed to conditioned medium. significantly different (p<0.05) from the 

cell samples not exposed to TPA 



2+ 
Fi& 9. Effect of 48 phorbol ester of Ca -PS-dependent 
protein kinase C activity t o  the microsomal or lamellar 
body compartments in isolated fetal type II alveolar cells. 

Lamellar Bodies 



Flaun 1Q: Effect of TPA on the ~a~~ -~~ -dependent  protein kinase C 

acîivity in the lamellar body -ion with inuemental amounts of 

microeomal m i o n .  Cell samples were preinaibated with either MEM or 

CM in MEM for 24 houn, gently rinsed and transferred to fresh medium 

with or without TPA (1 OpM) for 4 hous. Cells were subsequently 

removed, homogenizeâ and lamellar bodies and microsornes isolated as 

previously described in Materials and Methods. Each point represents the 

mean f standard m o t  of the mean of at least thtee replicates. Regtession 

lines w e  cornputer-fit. 





Fimure 11; Distribution of f~]choline radioadivity in the subcellular 

compartments d fetal type II alveolar cells aRer simultaneous incubation 

with 104 TPA and the radioacüve p r e c u m  iroiganic PP] and 

[3~]dioline. The pattern of distribution was identical for both precursors 

and for the sake of simplicity only [5H] k shown. results are expressed as 

a percentage of the total adivity found in the homogenate and represent 

the mean f standard deviation of a minimum of four determinations. The 

symbol * denotes a signifiant differenœ (p9.01) behween the 

expenmental and control fiadions. M&', mitochondrial -ion isolated 

as the pellet from centrifugation at 1 0,0009; LB3, lamellar body fraction 

collecteci at the interface of a discontinuous sucrose gradient after 

centrifugation at 68,ûWg; Atfito2. a aefined mitochocidrial fraction pelleted 

beneath the sucrose interface of the precedhg step; Micm, microsomal 

fraction, collecfed as the pellet of a 1 00.000g centrifugation step; CjdosoI, 

the supernate of the preceding step; Membr, denotes the cumulative 

radioactivity in al1 membmnous -ions. indicates a significant 

difference (p9.05) from the serum-free controls. 
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in fetal type II ce11 subcellular fractions after 
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Fiaun 12: Distribuiion of p?] and [S~Jcholine radioadivity in material 

released by isolated fetal type il alveolar cells. The cells were prelabelled 

for 24 houm with radioactive p r e u ~ m ,  gently rinsed and incubated with 

w without 1 0 ~  TPA in fresh media. Aner 4 hours the media was collected, 

mixed with adult rabbit lung homagenate and subjected to the subcellular 

fractionation procedure as describeci in the Materials and Methods. 

Results are expresseci as a percentage of the total radioactivity rewvered 

from al1 the fndions and represent Vie mean f standard error of the 

mean of a minimum of four determinations. The designation of the 

fractions are identical to those in Figue 11. The ' indicates a significant 

difference (pc0.05) from the senm-free controls. 



Fig 12. Distribution of [32~] and [3~]choline 
in material released by isolated fetal rabbit 

type II alveolar ce1ls.B 
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Fiaun 13: An eledron m i q r a p h  of material collecteci Rom the culture 

medium of fetal type II cells exposed to 1 o4 TPA A (XI 1 850). Relatively 

small vesiailar membranous f o m  were observed. 6 (~11265). Large 

IiposomaHike stnidures were also present C (~17250). Large Iiposomal- 

like structures were baunded by membranes. Small lamellar structures 

were infrequently obsenred to CO-precipitate with the large fom. D (x 

17250). Lamellar structures that co-rnigrated with micellar liposomal 

structures with difbrent morphologies. Some display a diffuse 

membranous nature (small arrows), in conbast to others that had their 

membranes condensed onto each other (large a m ) .  





4.2d Ramaininri Radioadvitv rrQkr TPA induceâ RoIease 

The mlls wed in the above release study wefe washed, scrapeà, 

homo$mised and fradionated using the same procedure. Radioactivity 

associated with the fiactions was cainted and is shown in Figure 14. The 

lamellar body and refined rnitochondrirl ftactions amtained significantly Iess 

radioadivity alter TPA exposure than the identical fractions from unstirnulated 

cells. Homagenate, cytosol, microsorna1 and aude mitochondrial fractions 

displayed no signifiant differenœs in radioactivity. 



ficiun 14: Subcellular distribution of [Ppl anâ ['HJcholine ndioactivity 

remaining in the ftactions following exposure to lo4 TPA. M e r  the cells 

wete tfeated as in figure 7, they mm, saaped and subcellular fractions 

colleded as described previously. Results aie expressed as a percentage 

of the total radioactivity mcovemd from the œlls and represent the mean 

f standard error of the mean of a minimum of four detenninations. 



Fig 14. Subcellular distribution of radioactivity 
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DISCUSSION 

Inv8stigaüms of Iung firnctim have revealed the paramount importance 

of pulmoii9ry surfactant in maintaining and stabiliung the lu ig during expansion 

and particularly at minhum lung vdume. signiftcant foie of polmonary 

surfactant pfecipitated many studies Wich have provided insights into its 

composition and synthesis. How8ver th. medianisms Ulat regulate alveolar 

surfactant levels are yet to be elucidated. Alveolar levels of surfactant were 

originally thought to result fiom a receptorcoupled ligand-stimulated secretion 

mechanism. Howevet reœnt evidence suggests that regulation of alveolar 

surfactant levels is fa? more complex (Rooney, 1985; Chander and Fisher, 1990; 

Bourbon, 1991 ; Mason, 1992). Feedbadc mechanisms have also been found to 

contribute to maintenance of alveolar levels. For exampb the presence of 

phospholipid and the surfactant protein SPA in the alveolar space may inhibit 

secretion andlor de novo synthesis of phosphatidylcholine (Scott, 1992; Suwabe 

et al., 1992; h S C n  et al., 1994). 

The regulation of these processes controlling surfactant synthesis and 

secretion is therefore mare cornplex. In fetal lung these processes are initiated in 

fetal type II cells during late gestation. The present study foaises on the 

regulation of surfactant seaetory processes in the fetal lung. 

Secretion of pulmonary surfactant by type II pneumocytes rnay be 

stimulated by a number of different agonists which fundion through difFerent 

receptors (Rooney, 1 985; Chander and Fisher, 1990; Wright and Dobbs, 1991 ). 



Of these pathways fw surfactant release, adivation of protein kinase C (PKC) at 

some point Mer r8c8ptor activation produces release of surfactantielated 

rnaterial to a greater magnitude than by any oüier pathway (Mason, 1992). It has 

also been demonstrated that PKC activation in fetal type II cells induces release 

of surfactant-related phospholipids (Scott, 1994). These results suggest the 

involvement of PKC in su~actant secretion. They also suggest that PKC is 

activated in developing type II cells during the period of initiation of surfactant 

synthesis and secretion. 

Previous studies have shown that activation of PKC is initiated by an 

increase in cytosolic calcium (cd+), which appears to fom a complex wilh 

enzyme. This binding increases aie enzyme's afFinity for diacylglycerol (DAG) 

and phosphatidylserine (PS), causing the enzyme to translocate to the 

membranous compartments of the cell resulting in formation of an activated 

enzyme cornplex consisting of PKC, caZ2+, DAG and PS (Huang, 1989; Azzi et 

al., 1992; Hug and Sarre, 1993). 

The assay used in this study is based on that developed by Hannun et al. 

(Hannun et al., 1985) and uses an environment of mixed micelles composed of 

octylphenorypolyetho~yethanol (Triton X-f W), PS, and tetradecanoylphorbol 

acetate (TPA). These micelles associate with the enzyme causing full activation 

and phosphorylation of a synthetic substrate. It should be noted that sorne 

amount of phosphorylation takes place in the absence of PS and ~ a 2 * .  PKC 

activities reported in the present work represent the total phosphorylation minus 



that observed without these CO-factors and therefore represents c ~ ~ + - P s -  

dependent PKC activity only. 

5.1. Phos~holbid and Pmtdn IeWs in th. Omlodna Rabbit Lunq 

Table 2 inditates an illcreas8 in protein levels occun in the developing 

rabbit lung on gestational day 24, apparently signirying a period of cell growth. 

This result corresponds w i  previous studies indicating that the appearance of 

major Img  cell types, in particular type II alveolar cells does rot accur until just 

after gestational &y 24 in the rabbit (Klkkawa et al., 1968; Kikkawa et al., 1 971 ). 

the increased phospholipid level which follows on day 27 is most likely the 

result of initiation of surfactant synthesis in the phenotypic type II cells. This is 

supported by the ratio of phospholipid to protein in the lamellar body subfraction. 

It is clear that this ratio doubles behmen gestational days 24 and 27 (Table 3), 

day 27 being the first day which seaeted lamellar bodies are detectable within 

the presumptive alveoli (Faridy and Thliveris, 1987). Previous studies have 

shown inaeases in lavage phospholipid at this tirne (Rooney et al., 1976; 

Rooney and Gobran, 1 977). partiailady disaturated phosphatidylcholine (Oulton 

and Dolphin, 1988) whidi is considered to be a marker of surfactant 

Another increase in this ratio is obsenred between gestational day 30 and 

postnatal day 1. as gas exchange is initiated within the lung at bir&h. Figure 2 

indicates that this ratio increased as the lung rnatured. 



The Iamellar body fradion is charaderized by high levels of 

phosphatidyicholine and phosphatidylglycerol (Akino, 1992). In fradions isolated 

from whole lung of fetuses of 27 g8sWional days, and animals of postnatal day 

1 and adub, Ievels of these hnro phoapholipids am high (Table 4). Further 

evidence that this -ion replesents inbaœllular-stored surfactant is provided 

by the high levels of disaturated phospholipid. Disaturated phospholipid 

accounted for greater Vian 48% of total phospholipids in al1 three age groups. 

This indicates that the fraction isolated as the lamellar bodies from neonatal 

rabbits contains surfactant-related material, Material isolated from the media of 

culturd cells d 24 gestational days fetal nbbits also displayed the typical 

vesicular appearance of lamellar bodies as depicted in the eledron micrograghs 

(Fig. 8). 

5 . 1 ~  PKC Activitv in Rabbit Lunp 

The addition of the PKC COfadors caN and PS signifkantly increased 

measunble phosphorylation in al1 fradions except the lamellar bodies. The la& 

of a significant ened in this fraction is Iikely not due to the inability of the added 

cofactoni to adivate the enzyme, but rather reflects the fact that the lamellar 

bodies have a high lipid content which may substitute for PS (Leach and 

Blumberg, 1989; Huang, 1989; Hug end Serre, 1993), keeping the enzyme in an 

activated state. Unless specifically stated otherwise, Mure references to PKC 

activity refers to that which is cas-~sdependent. 



The time coume of the w u y m  adivity shows that the enzyme 

phoaphorylates wbstfate in a lima? manner for the fimt 5 minutes of th8 assay. 

The Iength of the assay u d  in thb study w s  üierefore set at 3 minutes to 

ensure a Iimat response. 

6.1 d Subcellulat Dkaiwdn d PKC Acüvitv in Rabbit Lunq 

The majority d PKC activity in adult rabbit lung was present in the 

cytosolic ftaction. Previous stuclies have similady found up to 90% of PKC 

acüvity assodated with the cytosolic fradion (Sano et al., 1 985; Borner et al., 

1 992). PKC in thb fraction is usually consicbd inactive as it requires a stimulus 

to translocate to cell membranes in order to be fully activated (Ani et al., 1992; 

Hug and Sarre. 1993). Under the present assay conditions, full activation of 

cytosolic enzyme is achieved by supplying phorbol ester and 

phosphatidylserine. Consequently the activity recorded in this ftaction 

represents a potential maximum which could a d  as a reserve, translocating to 

the membranes under appropfiate stimulus conditions. 

Al! partiailate fractions assayed showed some enzyme activity. However 

the presence of P KC in these fiadions does not necessarily indicate that the 

enzyme is in an active emym conlwmation A vivo. Studies have shown that 

dissociation of PKC from the membrane does not always follow removal of ~ a 2 +  

from the edivated PKC cornplex (Wolf et al., 1985). 

The highest specific adnrity a m g  aie particdate fractions was present 

in the lamellar bodies. The maIl differerice beniveen the activities measured with 



and without CO-fadors required for activation suggests that PKC in the lamellar 

body ftacüon is already in an acüvated state. As noted above, this may be due to 

the high ~~neentratims of phospholipid in this fradim. Although PS is generally 

regarded as one of the activating co-factors of PKC, studies have show other 

phospholipids are capable of PKC activation (Hug and Sarre, 1993). AIthough 

protein in this fiaction acoounts for an extremely small portion of the total in adult 

lung, lamellar bodies containecl apximately 4% of total PKC adivity. The high 

levels of PKC adivity relative to protein content support the hypothesis of a 

major role for PKC in the processes of the surfactant cycle. 

1 PKC activitv in fetal and neonate luns 

5.1e.i Smcitk Activr'hr 

PKC specific actnrity at various time points in fetal, neonate and adult lung 

subcellular ftactions displayed different patterns. The dramatic increase in 

specific adivity observeci in the homogenate between days 24 and 27 gestation 

corresponds to the period when type II œlls first appear within the lung (Kikkawa 

et al., 1971 ). Additiodly, OS? C content of bmellar bodies (Oulton and Dolphin. 

1988) and phospholipid content in lung lavage increases on day 27 of gestation 

(Rooney et al., 1976; Rooney and -an, 1977). These changes signify lung 

maturation to a degree capable of supporting adequate gas-exchange for 

survival24 hours later (Oulton and Dolphin, 1988). 

The fraction isolated as the lamellar bodies also displayed a 3-fold 

increase in PKC activity during the pdod between day 24 and day 30 of 



gestation beftwe dropping dmrnaücally on day 1 postnatal. This pattern suggests 

changes in PKC adïvity adated wiîh initiation of surfactant synthesis. 

The COItesponding decrease obsewed in cytosolic specific activity over 

this period suggests P KC activation from aie inactive pool during this critical 

petiod of development. 

5.le.ii T W  AclRrify 

Total adivity in the homogenate and lamellar body fraction followed a 

similar pattern as specific acüvity. As noted above. this corresponds to the 

period during which the lung becornes hindional. All other fiactions displayed a 

biphasic ntsporvu, in which total edivity decreased just prior to birth, and 

increased on postnatal day 1. A similar piettem has been observed for in vivo 

secretion rates of lamellar bodies by alveolar type II cells of rat lung (Faridy and 

Thlivetis, l987), as well as secretion of lavage lamellar body-like material into 

the fetal Iung (Rooney and Gokan, 1977). Phospholipid content of the lamellar 

body M i o n  isolatbd from fetal rabbits also displays a similar biphasic pattern 

(Oulton el al., 19û6; Scott el al. 1987). 

Total activity was again largely concentrated in the cytosolic 

compartment. Since it is dear that PKC activation involves translocation of 

cytosolic enzyme (Nishizuka, 1988; Dekker and Parker, 1 9W), this compartment 

may possibly act as a teserve, lranslocating to the particdate fractions, including 

lamellar Mies ,  as reguired and acaxding to appropriate stimulus. 



5.W l n h ~ t ) o o o f P K C b t i ~  

PKC inhibitors -dine orange, Semimacridine and sangivamycin were 

used ta characterize the acüvity in the lamllar body fraaion. The microsumal 

fraction was chosen to contra& the MtWs of aiese compounds on PKC activity 

as it may prwide a likely source of contamination during the larnellar body 

isolation procsdure PKC activity in the miwsomal -ion was inhibited by all 

three compounds. Lamellar body activity was not aff8Cfed by acridine orange or 

sang ivarnycin, and at low mcentrations of 9-aminoacridine. PKC activity 

appeared to be increased. 

The high concentration of phospholipid in the Iarnellar body fraction may 

play a role in reâucing the ~8diveneas of the inhibitors. As previously noted. 

the la& of ditFerence in entyme activity with and witbut the added cofactors in 

the assay suggests PKC is already highly activated in larnellar body fraction. 

Acridine orange and 9-aminoamidine are cornpetitive &hibitors with respect to 

Iipid COfacton (Hannun and Bell, lm). ln addition acridine orange intercalates 

into larnellar body phoepholipids (Fabisiak et al., 1987). Therefore the high Iipid 

environment of this fraction may pnvent the inhibitors fmm acting on the enzyme 

through surface dilution effeds as they partition into the phospholipid micelles, 

thus deaeasing their effective concentration in the larnellar body fraction 

(Hannun and Bell, 1988). 



5.1 n PKC Activitv in DetlibidrGd F ~ ~ s  

As pnviously noteâ, enryme amay d the particulate haaions rnay be 

subject to int8Cfd~~1œ from the phospholipid compomnt This is particularly true 

for Iamelhr M i e s  where phoQpholipids account for greater than 90% of the 

weight Delipidation by the m8thod dewloped by F itars and Schneider (Fiscus 

and Schneider, 1966) removes virtwlly al1 of the phospholipid component (Chu 

and Rooney, 1 985). Delipidation of the fractions decreased PKC activity in al l 

fractions and could not be fully restored upon reconstitution of the fraction. 

However the lamellar body ftadion retained a greater specific activity than any 

of the other intact fractions. This would suggest that PKC is present in the 

lamellar body -ion of day 27 gestation. 

5.1 h PKC Activitv and 1 ,amellar M i e s  

The coupiing of PKC activation to regulation of the surfactant synthesis 

and secretion leads to the question of whether PKC is associated with the 

lamellar body fraction. However, as ob~erved in Figure 9, exposure of cells to 

conditioned media failed tu produced a signifiant increarre in ca2* -PS- 

dependent PKC activity in the lamellar body fraction. This result rnay be due in 

part to the intetfefence of lipid component of the fradi0~. nie microsomal ca2*- 

PSdependent PKC activity huever may serve to indicate that TPA produced 

an increased adivity level of the enzyme in these cells. It was noted however - 

that expure of celb to fibroôlastconditimed medium (FCM) induced a 

significantly higher level of PKC activity, as reflec!ed by the miaosomal 



responscr in Figure 9. Exposuun of œlls to FCM has previously been shown to 

aooelmte tho appearacIc8 of lamllar bodies in fetal type II cells (Scott. 1 992; 

Scott and Oas, 1993). S i m  enzyme rdivity was assayed urder conditions of 

constant protein and cell n u m b  were monitofed, a conclusion that 

differentiaüon of type II pneumocyies is accompanied by greater PKC activity is 

a logical progression. 

10 determine if any PKC activity could be asuibed to the lamellar body 

fraction, an addbadc assay was performed. The first step in this assay was 

determination of the amount of m i w m a l  contamination that CO-localized wit h 

lamellar Wdy fiaction. Previous M i e s  have shown that the technique 

employed for lamellar body isolation results in 4.1 % (or 1.025pl per 25p1 of 

lamellar body fraction) (Oulton et. al., 1980) microsornal contamination based 

on the adivity of the microtomal market emyme NAOPH-cytochrome C 

reductase. 

In œlls exposed to mm- f r88  medium or conditioned medium, the PKC 

adivity was found to be due to contamination. However in cells exposed to TPA, 

a potent agonist of surlactant secretion. PKC acüvity was found to be present in 

this fraction. This suggests the a-*ation of PKC with the lamellar body 

fraction during the s~ctetory resgorise. 

5.1 i PKC and Svnthesis of Surhctant-mlated Phos~holi~id 

Aftw concurrent incubation d cells with TPA and [3~]choline and [32~]- 

inorganic phosphorus, œlls were homogeniseû and fiactions separated using 



adult lung hom0~8nate as a All paraailate fiadions except the 

mitochondrial fiBdim (Mt$), whith pelleted berieath the sucrose gradient. 

were found to contain significantly imased  kvels cd the radiolabel. While the 

radiolabelled phosphofus may be ina~ofated into bah pmtein and 

phospholipid, P~]lcholine is probably associateci entirely with Vie phospholipid 

fraction. 

TPA-induœâ PKC activation had previausly been show to increase the 

rate of P~]-cholim incorporation into DSPC by fetal alveolar type II cells (Scott, 

1994). the material that migratecl with the adult larnellar body fraction 

contained significantly greater amounts of both [3~]41oline and [32~]-inorganic 

phosphorus suggesting that PKC activation incrases üie amount of radiolabel 

incarporated into a fetal type II cal1 fraction having a similar density as adult 

larnellar bodies. 

5.1i PKC and Relerise of Suflactant-mlated Phosnholi~id 

Fetal type II cells, previously labelled by incubation with [3~]choline and 

[32~]-inorganic phosphorus for 24 hours, were stimulated by exposure to TPA. 

The released material was isolated and subfractionated using adult lung 

homogenate as a camer (see section 3.2j). Released material that coniigrated 

with the adult lamellar body fraction had significantly increased levels of both 

3~chol ine and =P (figure 12). Subfradimatiorr of the cells remaining after TPA 

exposure suggested that the soufce of a significant quantity of the released 

material was the lamellac body cornpartment (Figure 14). A portion of the 



released material was collected by œntrihgation. U pon examination b y electm 

miaorcopy, vesider similm to those previously observeci (Gross and Narine, 

1 Mg; Ouiton et al.. 1993; Scott et al.. 1993) wen, detected. These structures 

suggest that fetal type II œlb may be induœd to release material similar to 

surfactant lamellar bodies by exposure to the PKC activator TPA. 

PKC activation has peviously been shown to inaease secretion of DSPC 

in fetal type II cells (Scott, 1994).The nature of the material released however 

was not clear. Taken together, the resuks of the two preceding sections (5.11 

and 5.1j) suggest that PKC activation is involved in both incorporation and 

releese of material similar in structure and density to that of adult lamellar 

bodies. It is known that rabbit lung expresses several PKC isozyrnes (Wetsel et 

al.. 1992). Although no direct conclusions may be readied conceming cell 

specific expression in the present study, it is reasonable to assume that the PKC 

enzyme family may have a multifunctional role in lung considering the large 

number of isoforms identifid, 

5.2 CONCLUSIONQ 

The dramatic increase in PKC adivity observed in fetal alveolar type II 

cells during the latter stages of development suggests an important role for this 

enzyme in regulation of the surfactant cycle. The results obtained support the 

hypothesis that PKC acüvation is rn impurtant regulatory step in the secretion of 

surfadant-related material. This enzyme also appean to be invohred in 

regulation of synthesis d sunactantrelated matefial at least in fetal lung type II 



alveolar œllr. The high levels of PKC adivity in lung, and particularly in lamellar 

bodies. suggests abundance of the enzyme in the lung tissue. Whole lung 

expresses a n u m k  of iso-s (Wetsel et al., 1992; Hug and Sam, 1993), 

some of which are ~a*-P~-dependecrt while others are ~a~%ndependent. The 

presence of multiple isozymes of PKC in lung may partially explain the ability of 

PKC to regulate diflimnt fundims within the lung. Whik the prescmt studies 

utilised predominantly whole lung, aie pmenœ of both caBdependent and 

ca2+-independent activity suggest multiple enzyme fundions. Furthemore these 

results, cornbined *th the observations of radiolabel distributions in isolated 

fetal rabbit type II alveolar cells subcellular ftadions also underscores the need 

for identification of the isorymes and clarification of their functions in developing 

and adult rabbit lung. 

5.3 FUTURE OlRECTldNS 

Recent studies indicate PKC to be a large family of isozymes. This famil y 

may be divided into hm groups,  depen pendent PKC (cPKC) and ~ a 2 + -  

independent PKC (nPKC) with each gwp containing at least four isozymes 

(Ani et al., 1992; Hug and Sarre, 1993) The cellular distribution of each 

isozyme diffen both in tenns of location and abundance. These differences 

appear to allow the enzyme to control separate processes within the same csll. 

Identification of the isozytnes present in type II cells as well as their functions is 

possible with the use of antibodies. Subsequtmt studies will examine the 



distribution, adivity and fundional con- of PKC isozymes related to surfactant 

synthesis, secretion and reuptake in isdated fetal and adult type II cells. 
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