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Preface 

Epithelial cells probably constitute the most diverse group of cells found in 
the body. In addition to serving as interfaces between external and internal 
environments, their functions include ion and fluid secretion and reabsorp­
tion, protein exocytosis, hormone secretion, recognition, surface protection 
and the control of ciliary movement. By their very exposure on the surfaces 
of the body, epithelial cells are subjected to wide-ranging assault, by micro­
organisms and by chemical and physical forces. They are the targets for 
abrasion, infection and malignant transformation. Some epithelial cells 
show altered behaviour in inherited syndromes, such as cystic fibrosis, 
characterized by serious pancreatic and pulmonary disease. 

In view of the importance of epithelia and the fact that their function can 
be altered by environmental and inherited factors, they are the subject of 
intensive research, particularly so in the case of cancer where most tumours 
are of epithelial origin. The use of animal tissues in epithelial research 
continues to provide important advances and this, coupled with the need to 
focus more on human tissues, has prompted a greater research emphasis on 
accessible human epithelia and on the establishment of cell cultures from 
animal and human sources. For primary cell cultures and cell lines to be of 
value, they need to express properties appropriate to their progenitors and 
relevant to the study in progress. 

The purpose of this book is to consider some of the advances which have 
been made in the study of native epithelia, both animal and human, and in 
the development of cell cultures and cell lines from these sources. To 
facilitate this presentation, the text has been divided into five sections: 
Gastrointestinal Epithelia, Pancreas, Kidney, Respiratory Epithelia, and 
Skin and Skin Glands. 
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Section I 
GASTROI NTESTINAL 
EPITHELIA 



Introduction 

There are three chapters in the gastrointestinal section of the book. The 
first, by Barry Hirst, considers the crucial, but often overlooked, barrier 
property of the upper gastrointestinal epithelium to acid and how this can 
be compromised by exposure of the epithelium to alcohols, aspirin and bile 
salts. After briefly reviewing studies conducted with the native epithelium, 
Dr Hirst considers potential model systems, in particular isolated mem­
brane vesicles and cultured epithelial cells. The effects of alcohols and bile 
salts on the proton permeability and fluidity of apical membranes are 
described as is the resistance of epithelial cell cultures to acid. Both systems 
are judged to have provided important insights into the nature of the 
epithelial barrier to acid. 

The chapter by Susan Kirkland considers the establishment and proper­
ties of cell lines derived from human colorectal carcinoma. In addition to 
their use in the study of colorectal cancer, some cell lines retain differ­
entiated properties characteristic of cells in the normal epithelium and so are 
being used as models with which to study aspects of normal epithelial 
function. This is especially valuable in view of the current inability to 
establish differentiating cultures from the normal epithelium itself. Features 
expressed by the cell lines include absorptive and mucin-producing cap­
abilities and the ability to transport ions, and possibly fluid, vectorially. 
Some cell lines have been found to be multipotential, having the ability to 
differentiate into two or three of the differentiated cell types found in the 
normal epithelium. Such cell lines are proving useful in studying the control 
of differentiation in colorectal epithelium. 

Alan Cuthbert assesses the advantages and disadvantages of working with 
cultured epithelial cells and reviews the development of systems designed to 
prepare cultured monolayers for transport studies. Once the monolayers 
have become electrically 'tight' they are transferred to modified U ssing 
chambers where the biophysics and regulation of ion transport can be 
studied. In cell lines established from colorectal carcinomas and their 
metastases, electrogenic chloride secretion accounts for a major fraction of 
the responses to many secretagogues, including VIP and PGE 1• The absence 
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of a convincing demonstration of neutral NaCl absorption or electrogenic 
Na+ absorption and lack of an aldosterone effect suggests that the mono­
layer cells may be more like crypt cells in their properties rather than surface 
or villous cells. The mechanisms whereby the secretagogues act and the ion­
transporting processes themselves are considered more fully. 

In the renal section of the book, Marshall Montrose assesses the 
contribution of both renal and intestinal epithelial cell lines to the study of 
transport physiology. There is a detailed compilation of cell lines, and sub­
clones where appropriate, their tissue of origin, expressed membrane 
enzymes and transport functions. 

4 



1 
Gastrointestinal Epithelial Barrier to 
Acid: Studies with Isolated Membrane 
Vesicles and Cultured Epithelial Cells 

B. H. HIRST 

INTRODUCTION 

All epithelia share a common function in acting as selective barriers between 
two compartments. In the case of the gastrointestinal tract, the epithelial 
cells separate the luminal contents from the interstitial fluid. The gut 
epithelium has several barrier functions. It has an important immunological 
role in protecting the body from micro-organisms ingested with food or 
those colonizing the gut lumen. The barrier mechanisms of the gut against 
micro-organisms are many and varied. They range from the production of a 
highly acidic environment within the stomach, to kill bacteria, to the 
selective sampling of luminal antigens (bacteria) by the intestinal M cells 
overlying the gut-associated lymphoid tissue, resulting in a mucosal 
immunological response. The digestive environment of the gut lumen is also 
a formidable barrier in itself. 

The gut is, however, a very selective barrier. It must selectively allow 
essential nutrients to be absorbed into the body. Some small molecules are 
able to diffuse passively through the gut mucosa. Most molecules, however, 
are aided in their absorption by specific transport processes. Many such 
processes have been defined in gut epithelial cells, including those for sugars 
and amino acids (usually Na+-coupled), dipeptides (usually H+-coupled), 
water-soluble vitamins, such as folic acid and vitamin B12, ions such as iron 
and calcium, and other nutrients essential to the body. 

The acid secreted by the stomach acts as barrier to ingested microbes. But 
the upper gastrointestinal tract mucosa must also act as a barrier to prevent 
the back-diffusion of its acidic contents. This barrier to acid also, if only to a 
lesser degree, extends into the upper intestine, and upward into the 
oesophagus. The gastric mucosal barrier to luminal acid has been the 
subject of continued and considerable study. The impetus for such sustained 
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Figure 1.1 Components of the upper gastrointestinal barrier to acid. (From Hirst') 

scientific interest has been the fascination, at least since the time of John 
Hunter l , in understanding how the stomach is able to carry out its normal 
digestive functions without digesting itself. The integrity of the stomach has 
to be maintained in the face of a luminal proton concentration of up to 
160 mmol LI, i.e. a pH of around 0.8. This represents a proton concentra­
tion gradient across the gastric epithelium of > 106. The maintenance of an 
upper gastrointestinal barrier to protons has clear clinical importance; 
breach of the barrier is associated with peptic ulceration. Components of the 
barrier to acid are illustrated in Figure 1.1. These may be conveniently 
divided into extrinsic and intrinsic mechanisms. Intrinsic mechanisms are 
native to the epithelia per se and include the role of the apical cell 
membranes and intercellular junctional complexes in resisting proton 
permeation, and mechanisms for controlling intracellular pH. Extrinsic 
mechanisms include the secretion of an alkaline mucus gel onto the apical 
surface of the cells and, on the serosal side, an adequate supply of blood and 
the overall tissue acid-base balance2• 

Until recently, most of the studies on upper gastrointestinal resistance to 
damage by acid and other agents likely to be found in the gut lumen, such as 
pepsin, bile salts, aspirin and ethanol, have employed animal or human 
studies in vivo or pieces of whole mucosa mounted in vitro. In particular, 
the earlier work has concentrated on the use of mucosal damaging agents, 
including ethanol, bile salts and aspirin, to define the barrier. Such studies 
have yielded valuable information. Hollander was early to recognize the 
epithelial cell layer as an important component of the mucosal barrier3• The 
studies of Davenport, however, must be acknowledged as givin~ the 
essential insights into describing the components of the barrier 4 5. In 
particular, Davenport's experiments, together with those of other scientists, 
have pointed to the epithelial cell layer as being the principal structure 
conferring ph~siological barrier function to acid in the upper gastro­
intestinal tract 6. The earlier work on the gastric mucosal barrier has been 
h b· f . 2 d' 1 . d I h 17-21 t e su ~ect 0 a recent reView, an IS a so revlewe e sew ere . In 

contrast, the present discourse will review recent studies using two modern 
cell biology techniques, isolated membrane vesicles and cultured epithelial 
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GASTROINTESTINAL EPITHELIAL BARRIER TO ACID 

cells, which have helped to better define the nature of the epithelial barrier 
to acid. 

ISOLATED APICAL (LUMINAL) MEMBRANE VESICLES 

Preparations of isolated membrane vesicles have been used extensively for 
transport studies in epithelial tissues. These studies have yielded important 
and novel advances in several fields 22 , not least in solute and ion transport in 
the small intestine23 and the stomach24 . By extending the techniques, the 
same vesicle preparations have been used to study the passive permeability 
properties of the membranes and their modulation (e.g. membranes from 
k 'd 2425. . 26 I 27 d h28) Wk' h h' 1 ney , , Illtestllle , p acenta an stomac . or III t e aut or s 
laboratory has concentrated on quantifying the proton permeability of 
apical membrane vesicles isolated from the upper gastrointestinal tract. 
Such preparations offer a number of advantages. The vesicles can be 
purified from one plasma membrane domain, i.e. apical, thus allowing study 
of properties of this domain alone; different isolation/ purification tech­
niques allow isolation of the basolateral membrane. The influence of other 
cellular events on membrane function are minimized and the intra- and 
extravesicular environments can be readily controlled and manipulated. 

One must also be aware of the potential disadvantages of these membrane 
vesicles for quantifying membrane functions. The normal interaction 
between other cellular functions and the membrane are minimized or lost. 
The structure, both chemical and physical, of the membranes may be 
perturbed during the preparative procedures. Such perturbations may arise, 
for example, due to shear stress stripping out integral components, other 
cellular degradation products, particularly lipids, becoming incorporated 
into the membrane preparations, or damage to membrane components due 
to enzymic processes activated during the isolation procedures. Practical 
examples of such problems are illustrated below. However, on balance, the 
information gained from the introduction of membrane vesicle techniques 
has far outweighed any potential disadvantages in their use. 

Parietal cell apical membranes 

Gastric acid is secreted as a result of the (H+ + K+)-A TPase located in the 
apical membrane of the parietal cell. As the site of acid secretion, these 
apical membranes must, in situ, be able to withstand the highest concentra­
tions of acid found in the stomach, and therefore the whole body. Parietal 
cell apical membrane vesicles are prepared by differential and density­
gradient centrifugation from homogenates of rabbit fundic mucosa 
stimulated to secrete acid29 31. These membrane vesicles are rich in (H+ + K+)­
A TPase and associated ouabain-insensitive K+ -stimulated p-nitrophenyl­
phosphatase (pNPPase) activity. From 55-85% of these activities are latent, 
that is the enzyme activities are only expressed after pretreatment of the 
vesicles with a mild detergent such as 9-15 mmol L- 1 octyl glucoside31 , 
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5-7 mmol L I octyl thioglucoside or 1.5 mmol L I 3i(3-cholamidopropyl)­
dimethylammonio ]-I-propanesulphonate (CHAPS)3 . Latent enzyme acti­
vity can also be expressed by mild hypotonic shock activity31. These latency 
studies indicate that the majority of the vesicles form with a right-side-out, 
or extracellular face outwards, orientation. This interpretation was con­
firmed by analysis of freeze-fracture replicates of the membrane vesicles by 
electron microscopy. In such replicates, the majority of the membrane­
associated particles visible by electron microscopy are associated with the 
convex surface, consistent with a right-side-out orientation of the vesicles33 . 
Thus, these parietal cell apical membrane vesicles are an appropriate model 
for studying the effect of luminal damaging agents on gastric membrane 
barrier function. 

Intestinal brush-border membrane vesicles 

Brush-border membrane vesicles (BBM) are prepared from discrete areas of 
the small intestine by the divalent cation precipitation and differential 
centrifugation technique described by Kessler et al. 34 , but instead using 
MgCl2 (Figure 1.2). The original technique for preparing BBM used 
10 mmol L' CaC12 as the precij?itating agent, but this was reported to be 
associated with activation of Ca + -dependent phospholipase A activity, with 
subsequent lipid decomRosition35. MgCl2 was thought to have a lesser effect 
on lipid decomposition35 , but recent studies36 questioned the benefits of 
MgCI2• Intestinal BBM are predominantly (>90-95%) in the right-side-out 
orientation37,3R. 

PROTON PERMEABILITY OF APICAL MEMBRANES 

The net proton permeability of upper gastrointestinal apical membranes has 
been quantified using membrane vesicles and the acridine orange fluore­
scence quenching technique31 ,39. Membrane vesicles are pre-incubated in an 
acidic solution (e.g. pH 6.5) to equilibrate the intravesicular pH. The 
vesicles are then added to a similar solution at higher pH (e.g. pH 8.0) 
containing acridine orange and the fluorescence monitored continuously. In 
addition, the vesicles have to be voltage-clamped to eliminate H+ -OH­
diffusion potentials. This may be achieved by carrying out the experiments 
with 150 mmol L- ' K+ on both sides of the vesicle membranes, and by 
adding valinomycin, a K+ -ionophore. Proton permeation, as measured by 
the recovery of acridine orange fluorescence, is indeterminably slow when 
vesicles are not voltage-clamped39. Representative traces from experiments 
to determine proton permeability are illustrated in Figure 1.3. It can be seen 
that the original acridine orange fluorescence is quenched upon addition of 
the acidic vesicles. This is a result of the intravesicular accumulation of the 
acridine orange, and the subsequent proton-quenching of its fluorescence 
signal. As the transvesicular pH gradient decays, due to the net permeation 
of protons, the fluorescence signal recovers. This fluorescence recovery 
follows simple first-order kinetics31 , and enables determination of the rate 

8 



GASTROINTESTINAL EPITHELIAL BARRIER TO ACID 

Figure 1.2 Electron micrograph of rabbit duodenal brush-border membrane vesicles prepared 
by the MgCl2-precipitation method 

constant for the recovery of the fluorescence, equivalent to proton permea­
tion; kH+' The exponential time constant (T) for this process is the inverse of 
kH +. From these values, and the radius (r) of the vesicles, the intracellular 
concentration of protons ([H+)J, and the intravesicular (/3end) and extra­
vesicular buffer capacities (/3eJ, the net proton permeability coefficient 
(Pnet), which is the sum of the flux of protons (PH) and hydroxide (POH )' may 
be calculated: 

p = p + P = r . f3end + f3ex 
net H OH 

3T[H+l' In I 0 
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Figure 1.3 Effects of ethanol on proton permeation in parietal cell apical membrane vesicles. 
Vesicles (stimulation-associated; SAV) were voltage-clamped with K'-valinomycin, and equili­
brated at pH 6.5 , and then diluted into a pH 8.0 solution containing acridine orange (first 
arrow). Addition of vesicles leads to a quenching of the fluorescence signal as the dye 
accumulates in the acidic intravesicular space. Recovery of fluorescence gives the rate of H' 
permeation. Nigericin, a H'-K' ionophore, was added at the second arrow and fully dissipates 
the proton gradient. Increasing concentrations of ethanol accelerate the rate of fluorescence 
recovery, i.e. increase proton permeation. Inset: apparent rate constant for the recovery of 
fluorescence plotted against concentration of ethanol. (From Hirst') 

Such experiments yield a value for Pnet in parietal cell membranes, at 
20° C, of 4 x 10-4 cm j S31. This value is slightly lower than P net in duodenal 
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GASTROINTESTINAL EPITHELIAL BARRIER TO ACID 

(6-lOx lO-4 cm/s)3IAO and jejunal BBM (6 x 10-4 cm/s; D. Zhao and B. H. 
Hirst, unpublished), but considerably lower than in renal cortical BBM 
(5-10 x 10-3 cm/s/~,31. 

The rank order of proton permeability for these membrane types (parietal 
< duodenal = jejunal «renal) is in general agreement with their known 
physiological environments. Parietal cell membranes are likely to be 
exposed to pH < 1, with duodenal pH 3-4, and renal pH 5-6. 
Quantitatively, however, these permeabilities appear inconsistent with the 
properties of the membranes in situ. The estimated PH for intact gastric 
mucosa 41 is around 0.4-4.5 x 10-5 cm/ s; one to two orders of magnitude 
lower than the value for Pnet estimated for isolated parietal cell membranes. 
Moreover, the estimated maximum value for PH if the observed pH 
gradients (intracellular pH - 7.2; intragastric pH - 0.8) across the parietal 
cell apical membrane during secretion are to be maintained, is 10-7 cm/s42. 
Although Pnet determined for the isolated membranes is the sum of PH and 
P OH' PH is the dominating variable43 . A potential explanation for the greater 
values for Pnet estimated in isolated membranes is their contamination with 
endogenous protonophores, i.e. agents which can carry protons across the 
lipid bilayer. These might include fatty acids generated during the homogen­
ization and isolation procedures 44. Bovine serum albumin added to several 
membranes reduced Pnet44, arguably by binding these contaminants. The 
reduction in parietal cell membranes, though, was minimal, about 30%31, 
and the reduction in Pnet caused by the albumin might better be explained by 
interaction with valinomycin, so reducing the effectiveness of the voltage­
clamp43. Other factors resulting in differences in estimates of Pnet in vitro as 
compared with in situ, may include the greater pH gradient in vivo and thus 
pH-dependent factors31 ,43, cellular transmembrane potentials31 , and the 
small radius of curvature for membrane vesicles as compared with intact 
cells31 . 

The routes of proton permeation through biological membranes have 
been recently reviewed43 ,44. Possibilities include fatty acids and other 
contaminants acting as protonophores (vide supra), permeation as neutral 
molecules such as Hel at low pH via intramembrane water, or by thermally 
activated permeation of the lipid bilayer. Permeation through protein 
channels, or via transmembrane proteins, is an attractive explanation in 
several epithelial apical membrane systems. In duodenal BBM, we have 
reported an amiloride-sensitive proton-conductive pathway, the properties 
of which are consistent with a role for Na+-H+ exchangers as a leak pathway 
for protons45 . We have also observed amiloride-sensitive proton permeation 
in renal BBM31 , although others failed to detect such an amiloride­
sensitivity, but did report sensitivity to p-chloromercuribenzenesulphonate, 
suggesting a role for sulphydryl groups in the pathway46. Placental, but not 
renal, BBM proton permeation is reported to be reduced by the anion 
exchange and chloride conductance inhibitor, DIDS27. Proton permeation 
in gastric parietal cell apical membranes is insensitive to amiloride, arguably 
because these membranes do not possess a Na+-H+ exchanger (J. M. Wilkes 
and B.H. Hirst, unpublished). It may be postulated that proton permeation 
in parietal cell apical membranes might occur via leakage through the 
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(H+ + K+)-A TPase, or the apical conductances24 for cr or, more likely, K+. 
Thus, integral membrane proteins are likely to act as an important, and cell 
specific, route for proton permeation. 

The dynamics of the lipid phase of the apical membranes are likely to play 
a critical role in determining proton permeabilit/5,31. The lipid dynamics of 
membranes may be investigated by several techniques, each with their own 
benefits and shortcomings. In conjunction with studies of proton permea­
tion in apical membrane vesicles, we and others have applied the technique 
of di~henylhexatriene ~I?PH}5 Huorescence anisotropy, u.n~er steady-state 
and hme-resolved conditions , .. The term membrane flUidity may be used 
to describe the constraints on the free rotation of DPH within the lipid 
environment of the membrane bilayer, and is quantified by the parameter 
(ro/ r)-I which is directly related to viscosity in an isotropic system,l. The 
proton permeability of gastric, duodenal and jejunal membranes was not 
simply related to their native membrane fluidity. If any relationship was 
apparent, it was an inverse one; (ro/ r)-I for renal BBM = duodenal BBM 
< parietal cell membranes'l. In contrast to this lack of relationship between 
native membrane fluidity and Pne!' perturbations in membrane fluidity are 
correlated with changes in Pnet (vide infra). 

STUDIES WITH BARRIER-BREAKING AGENTS 

Studies on the nature of the gastric mucosal barrier and, to a lesser extent, 
intestinal barrier function, have concentrated on the effect of a variety of 
agents which damage or break the barrier. The physiological breaking of the 
gastric mucosal barrier in intact mucosa, whether in vivo or in vitro, is 
indicated by the increased flux of ions across the gastric mucosa, particu­
larly H+ back-diffusion and Na+ and K+ flux into the stomach, and an 
associated fall in trans mucosal potential difference and electrical resistance. 
Agents widely associated with such barrier-breaking actions include aspirin 
and other weak acids, bile acids and other detergents, alcohols, and 
proteolytic enzymes, especially pepsin. The action of these agents in whole 
mucosa have recently been reviewed2,20. These earlier studies have indicated 
that the maior action of these barrier-breaking agents is on the plasma 

b 2 I'll 'I H d' h d' . mem rane' '-. ere, we concentrate on ata concernmg t e lrect actIOn 
of selected agents on gastrointestinal isolated apical membranes. 

Alcohols 

Alcohols, including ethanol, have been the agents most extensively studied 
with isolated membrane vesicles. In vivo, alcohols break the gastric mucosal 
barrier, and the potency of individual alcohols is related to their oil-water 
partit!on coefficie~ts 47. Acute and chron~c ad~inis~rat~on of et?an?1 iWRairs 
mtestmal absorptIOn of glucose and ammo aCids In VIVO and In vitro ' . In 
the mouse gastric mucosa, ethanol (25% or approximately 5 mol L 1 in 
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100 mmol L-1 HCl) after 5 min caused distortion of the apical membrane, 
with swelling of mitochondria and chromatin clumping50. The tight junc­
tions, however, appeared normal. In contrast, in isolated Necturus antral 
mucosa, ethanol (20%) at pH 3.0 caused an immediate reduction in 
trans epithelial electrical resistance, suggesting that paracellular conductance 
primarily contributes to acid back-diffusion. At a slightly later time 
(4~6 min), the ethanol reduced cell membrane resistances and intracellular 
pH51. Thus, in intact gastric mucosa, high concentrations of ethanol increase 
apical membrane proton conductance, but gross acid back-diffusion may 
also be contributed to by increased paracellular conductance. 

Alcohols are well-recognized membrane perturbing agents. In several 
systems, including isolated gastric surface52 and parietal cells53 , parietal cell 
apicae l and microsomal vesicles54, and duodenal and jejunal BBM31 ,5s, 
alcohols perturb membrane phospholipid dynamics, resulting in a general 
fluidization of the plasma membrane. These increases in membrane fluidity 
are associated with generalized increases in membrane permeability, For 
example, low concentrations of ethanol (O.3~O.5 mmol L-1), equivalent to 
those likely to be found in the human gut after what might be considered as 
moderate alcohol ingestion47,s6, indirectly reduce alanine and glucose uptake 
into jejunal BBM vesicless7,s8 by increasing membrane conductance to Na+. 
Glucose and alanine transport are coupled to, and driven by, the Na+ 
gradient; hence increased membrane Na+ conductance allows uncoupled Na+ 
uptake with reduced solute uptake. Similarly, we have reported that benzyl 
alcohol increases the passive permeability of duodenal BBM to NaCl39. 

In duodenal BBM and gastric parietal cell membranes2 alcohols increase 
Pnet31. Similar results have been reported for renal BBM s. Typical experi­
ments illustrating increased rate of proton permeation in gastric parietal cell 
apical membrane vesicles induced by ethanol are illustrated in Figure 1.3 
Pnet is increased by similar low concentrations of ethanol reported to 
increase other ionic permeabilities. The increases in Pnet in parietal cell and 
duodenal BBM vesicles are correlated with the alcohol-induced increases in 
membrane fluidity (Figure 1.4), suggesting a simple causal relationship. The 
gastric membranes are more sensitive than the duodenal BBM. The 
concentrations of ethanol required to increase Pnet are not only equivalent to 
those likely to be found in the gut after moderate social drinking 47,56, but, 
moreover, considerably lower than the concentrations required to elicit 
immediate gross damage to the whole mucosa. The more subtle increases in 
Pnet observed with these lower concentrations of ethanol are likely to be 
important early events in pathophysiological damage to the mucosa in situ. 

Slightly greater concentrations of ethanol, as well as other alcohols, cause 
more extensive damage to membrane vesicles, resulting in increased fragility 
and disruption (Figure 1.5). This increased membrane fragility, as assessed 
by decreases in the vesicle volume, are also correlated with increased 
membrane fluidity (Figure 1.6). Of interest is the greater resistance of 
duodenal, as compared with jejunal and gastric, membranes to disruption 
by alcohols (Figure 1.6). The difference cannot be explained by differences 
in native membrane fluidity as these are similar in duodenal and jejunal 
BBM from the rat59,60 and rabbit55 • Duodenal BBM are also less sensitive to 
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Figure 1.4 Correlation between membrane fluidity (r.,/ r)-l) and proton permeability (P",J in 
gastric parietal cell (0) and duodenal BBM (e) vesicles treated with alcohols. (From Wilkes el 

a/.") 

alcohol-induced increases in Pnet (Figure 1.4). The mechanism of greater 
resistance of duodenal membranes has yet to be explained. 

Bile salts 

Bile salts are another group of agents which cause increased ionic, including 
H+, fluxes and reduced trans mucosal electrical resistance upon luminal 
addition. Ultrastructural studies have localized the initial site of damage to 
the apical plasma membranes61 . Taurocholate (10 mmol L-') at pH 3.0 
resulted in rapid acidification of Necturus antral surface epithelial cells, 
concomitant with an increase in apical cell conductances, . Bile salts have 
important detergent qualities62 , which would appear to provide a likely 
explanation for their ability to damage the gastrointestinal trace. 
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Figure 1.5 Effect of octyl (.), benzyl (.) and ethyl (e) alcohols on the enclosed volume of 
duodenal BBM vesicles. Vesicles were equilibrated for 45-min in the presence of ["C]glucose, 
and various concentrations of one of the alcohols. Values are mean enclosed volumes 
calculated from the ["C]glucose retained at equilibrium with error bars of ±lsem.* , p < 0.05 
compared with control without alcohol. (From Ballard et al." ) 

Low concentrations of bile salts (e.g. 0.l-1.0 mmol L-1 deoxycholate and 
its conjugates), likely to be below their critical micellar concentration (the 
concentration above which amphiphile molecules, such as bile salts, associ­
ate to form thermodynamically stable colloidal aggregates62), increase 
duodenal BBM membrane fragility and Pnet40 . This is consistent with the 
initial site of action described from ultrastructural and electrophysiological 
studies in intact mucosa. In contrast to the effects of the alcohols, however, 
these bile salt-induced increases in membrane fragility and Pnet are not 
associated with significant changes in membrane fluiditlo. Thus, small 
changes in membrane fluidity may produce a disproportionate increase in 
Pnet and fragility. Alternatively, changes in membrane fluidity may be only a 
secondary factor involved in bile salt-induced increases in Pnet and fragility. 
As was noted earlier for the action of alcohols, duodenal BBM are less 
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Figure 1.6 Relationship between enclosed volume and membrane fluidity during treatment 
with alcohols, for duodenal BBM (0, dashed line), and for jejunal BBM (e), parietal cell apical 
( ... ) and gastric microsomal (.) membrane vesicles. The latter three membrane types fell on the 
same correlation (solid) line. Enclosed volume and membrane fluidity have been normalized to 
the value for untreated vesicles (.). (From Ballard et al.") 

sensItive than jejunal BBM to bile salts, and in jejunal BBM, bile salts 
induce a significant increase in membrane fluidity (D. Zhao and B. H. Hirst, 
unpublished). The concentrations of bile salts required to induce increases 
in Pnet are within the physiological range, even for that found in the normal 
human stomach 63. Bile salts, therefore, might be considered as a normal 
luminal factor likely to influence intestinal permeability to acid. 

RESISTANCE OF CULTURED EPITHELIAL CELLS TO ACID 

The major anatomical site conferring physiological barrier function in vivo 
has been localized to the epithelial cell layer, and, in Rarticular, to the apical 
cell membranes and the occluding tight junctions2. Studies with intact 
gastrointestinal mucosal tissue, in vitro as well as in vivo, are complicated 
by other components with barrier functions. These will include the mucous 
layer overlying the epithelium, and an adequate supply of blood providing 
not only nutrients, but also, in the case of resistance to acid, buffer capacity. 

Gastric mucosal cells, both primary cultures and established cell lines, 
have been used for studies of gastric damaging agents such as bile salts and 
non-steroidal anti-inflammatory drugs (vide infra). Long-term primary 
culture of gastrointestinal cells has not proved successful to date, often due 
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to overgrowth by fibroblasts. In the majority of studies with damaging 
agents, the cells have been grown on an impermeable support, such as 
plastic multi-well dishes, which does not allow the study of integrated 
physiological functions, such as the vectorial transport of ions or epithelial 
barrier functions. In contrast, mono layers of functional epithelial cells 
grown on permeable supports, such as cellulose esters, polycarbonate or 
anodized aluminium, in culture provide a simplified system in which the 
barrier properties of the isolated epithelial cell layer may be studied. In such 
a system, the first barrier to acid will be presented by the apical cell 
membranes in parallel with the tight junctions. Subsequent cellular func­
tions, including regulation of intracellular pH, will also play a role in 
resistance to acid in these simplified epithelial systems. Some of the 
advantages of these cell culture systems include the relative homogeneity of 
the cells under study and the absence of other complicating factors, such as 
blood supply, smooth muscle tissue and a mucous layer. This allows 
epithelial cell barrier function to be easily studied in isolation. However, it 
should be noted that the mucosa in vivo is not such a simple system, with its 
heterogeneous cell population and all the other components aside from the 
epithelial cells. Nevertheless, culture systems have provided a wealth of 
important information on epithelial cell function, and, in many cases, are 
the only appropriate system for studying some aspects of epithelial cell 
biology ~see other contributions in this volume, and Matlin and 
Valentich 4). 

Choice of the cell model is an obvious consideration, although not a 
simple one. A prerequisite for studying the function of an epithelium is that 
the chosen cell model can reconstitute as such an epithelium. The electrical 
properties of the cell monolayers may then be measured in a modified 
Ussing chamber system. The cell model should, in addition, simulate those 
features of the normal gastrointestinal tract one wishes to investigate. 
Ideally, therefore, the cell culture systems should reconstitute as an 
epithelium with histotypic and physiological features of the part of the 
gastrointestinal tract to be represented. In practice, however, these ideals 
often have to be compromised to experimental limitations of the cell 
systems available. One successful approach has been the primary culture of 
canine peptic cells. The approach chosen by our own laboratory has been to 
select established epithelial cell lines which are able to reconstitute as high­
resistance mono layers and, as such, mimic one aspect of the gastric mucosal 
barrier to acid: the high electrical resistance of the gastric epiethelium. 

CELLS GROWN ON PLASTIC 

Several studies on the effects of barrier-breaking agents on gastric epithelial 
cells in culture have been reported. The disadvantages of these studies using 
cells grown on an impermeable support, such as plastic, is that only the 
apical surface of the cells is exposed to the damaging agent, and that the 
variables measured, usually related to cell viability, are individual cell, 
rather than epithelial, responses. 
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Damage to primary cultures of rat gastric mucosal cells has been assessed 
in terms of trypan blue dye exclusion, and release of SICr. Damage was 
observed with saline at pH 5.0, but not pH 6.0, after 1 or 2 h incubation. 
With a pH 4.0 solution, SICr release was maximal6s . Aspirin, 10 mmol L- l, 
when added at pH 5.0, increased cellular damage but was without effect at 
RH 7.4 or 6.065 . Indomethacin, 2.5-10 mmol L-1, at neutral pH also increased 
lCr release and reduced dye exclusion66 . Bile salt-induced cellular damage 

was also observed in these rat gastric cells. Taurocholate, 5-20 mmol L- l, 
resulted in a dose-related increase in SICr release and decrease in dye 
exclusion67 . The damaging effects of aspirin, indomethacin and taurocholate 
could be ameliorated by addition of 16, 16-dimethyl prostaglandin E26S-67 

Similar results to those described with primary cultures of rat gastric 
mucosal cells have been obtained with a human gastric cell line, MKN 28. 
MKN 28 is a cell line with epithelial characteristics, including the presence 
of junctional complexes, microvilli, and positive staining with periodic acid­
Schiff but not Alcian blue68 . These characteristics are similar to primary 
cultures of human gastric epithelial cells68.69 . In MKN 28 cells, taurocholate, 
ethanol and indomethacin increased SICr release68 ,70,71. The concentrations of 
these agents required to elicit damage are relatively high, as compared with 
those described above to alter the isolated apical membranes; e.g. ethanol 
concentrations of 15% are required to increase SlCr release from MKN 28 
cells, comparable to those of around 10% required to cause damage in vivo, 
but greater than those required to increase proton permeability in apical 
membrane vesicles, - 2% (vide supra). We have reported similar damaging 
effects of a variety of non-steroidal anti-inflammatory drugs on an ileocae­
cal cell line, HCT-8, grown on plastic. Indomethacin was the most potent 
compound, as assessed by release of the dye neutral red (monitoring plasma 
membrane integrity similar to trypan blue exclusion or SICr release) or 
decreased tetrazolium dye reduction (MTT assay), an indication of inhibi­
tion of mitochondrial enzyme activity72. 

RECONSTITUTED EPITHELIAL MONOLAYERS OF GASTRIC CELLS IN 
PRIMARY CULTURE 

The cells of the gastric gland, as part of their normal function, have to be 
able to withstand acid concentrations of- 150 mmol L- l. The two major 
cell types within the gland are the parietal cell, which produces this acid, and 
the peptic cell, responsible for pepsinogen synthesis and secretion. Canine 
isolated peptic cells have been grown in short-term culture to form 
reconstituted epithelial monolayers73 • These cells retain functional 
differentiation, including pepsinogen granules which may be stimulated to 
release their contents by agents, such as carbachol and secretin, recognized 
as stimulants of pepsinogen secretion in the intact mucosa74.7S . The mono­
layers grown on permeable supports are electrically tight, forming tight 
junctions, and the transepithelial electrical resistance76 (Re) is around 1500 
Q·cm2. Thus, these peptic cell monolayers may be considered as useful 
model systems mimicking at least some features of the gastric epithelium 
and particularly gastric glands. 
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Figure 1.7 Electrical response of a peptic cell monolayer to apical acidification. With 
reduction of apical pH to <2.5, transepithelial resistance (R) increased, and remained stable for 
>3 h. Addition of aspirin, 4 mmoll t (A, arrow head), caused a rapid decay in electrical 
resistance, potential difference (V) and short-circuit current (lsc). (From Sanders et al.") 

Sanders et al. 73 have demonstrated that these peptic cell monolayers are 
able to maintain epithelial electrical integrity despite the imposition of a 
large pH gradient (Figure 1.7). Re more than doubled during acidification of 
the apical solution to pH 2. The monolayers were able to maintain this pH 
gradient for more than 4 h. The peptic cell barrier to acid was overcome by 
a critical pH between 2.5 and 2.0 for 70% of monolayers, and < 2.0 in 20%. 
Aspirin, 4 mmol L', caused a rapid decline in Re when added to the 
acidified solution (Figure 1.7), but not when added to a neutral apical 
solution. Cellular integrity was maintained during acidification, as indicated 
by the changes in Rc being fully reversible. The peptic cell monolayers 
showed marked polarity in their resistance to acid. Acidification of the 

19 



EPITHELIA 

basolateral solution to pH < 5.5 resulted in a rapid and irreversible decay in 
Re· 

Resistance of the peptic cell monolayers to acid was suggested not to be 
dependent upon Na+ or cr transport73 • Barrier function was not prevented 
by treatment with ouabain, nor by absence of basolateral HC03-. The 
monolayers were also resistant to apical addition of acidified pepsin, 
consistent with the normal function of peptic cells: secretion of pepsinogen 
into the gastric gland lumen, where it will be activated by the acid secreted 
by the adjacent parietal cells to give the active enzyme, pepsin. In another 
study, apical acid, up to 150 mmol L-1 for 4 h, did not affect the synthesis of 
pepsinogen or its secretion in response to stimulants in these peptic cell 

I 75 
mono ayers. 

The lowest pH the peptic cell monolayers were able to withstand73 , as 
measured by Re, was around 2.0. In situ, however, the intraluminal pH in 
gastric glands falls below pH I. The failure of the monolayers to be able to 
resist such a low pH suggests that other factors, including intracellular and 
interstitial buffering, may contribute to acid resistance in vivo. 
Alternatively, during adaptation to the culture conditions, the peptic cells 
may have, to some degree, lost some of their ability to sustain pH gradients. 
More recent studies from another laboratory suggest that the monolayers 
are able to withstand physiologically lower pH (150 mmol L- 1 HCI; 
presumably pH < 1.0), although Re was not monitored in this stud/5. 

Primary cultures of gastric surface e~ithelial cells from the guinea pig77 

and foetal rabbit gastric epithelial cells 8 have also been reported to form 
monolayers with significant, although lower (- 280 n·cm2), transepithelial 
resistance. These monolayers have not been studied to investigate whether 
they are able to maintain a pH gradient. 

RESISTANCE OF ESTABLISHED EPITHELIAL CELL LINES TO ACID 

Studies III our laboratory have used established epithelial cell lines as a 
simpler system, compared with primary cultures, for studying resistance to 
acid. In addition, it has allowed us to address the question of whether 
resistance to acid is a unique property of gastric epithelia. We have 
investigated three cell lines, each of which is able to reconstitute as high 
resistance epithelial monolayers when grown on permeable supports. 
Madin-Darby canine kidney (MDCK) cells form high-resistance 
monolayers79 , e.g. mean Re approximately 2500 n·cm2• Acidification of the 
apical solution to pH 4.5 was associated with a gradual increase in Re. 
Further reduction in apical pH resulted in a decrease in Re back to control 
values (Figure 1.8). Basolateral acidification was also associated with a 
gradual increase in Re> with maximum Re observed at pH 3.5, and Re still 
elevated at pH 3.0 (Table 1.1). The resistance of MDCK monolayers to 
basolateral acid contrasts with the results with peptic cell monolayers, where 
marked difference in apical and basolateral susceptibility to acid was 
observed. More recent studies (A. B. Chan and B. H. Hirst; unpublished) 
have shown some differentiation between the apical and basolateral sides; 
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Figure 1.8 Transepithelial electrical resistance of MDCK monolayers as a function of pH of 
apical and basolateral solutions. The pH of the apical (A) or basolateral (B) solution was 
acidified while the contralateral solution was maintained at pH 7.4. In (C), both solutions were 
acidified simultaneously. Even at pH 3.0, electrical resistance of the monolayers is maintained. 
(From Chan et at.") 
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Table 1.1 Transepithelial electrical resistance and potential difference in MOCK, HCT-8 and 
T84 monolayers in response to low pH 

Basolaleral Apical R" it V,' 
Cell line n pH pH (Q·c'm2) (%) (mV) 

MOCK II 7.4 7.4 3404±313 +2.9±J.7 +0.7±0.1 
6 7.4 3.0 2322±250 - 3.6±8.5 +5.2±1.0 
6 3.0 7.4 3291±39l + l2.0±5.2 - 3.0±0.3 
6 3.0 3.0 l475±207 -1.5±7.3 +0.6+±0.1 

HCT-8 6 7.4 7.4 772±62 + l2.3±8.6 + 1.0±0.0 
6 7.4 3.0 1063±70 + 32.1±8.5 + 3.5±0.0 
6 3.0 7.4 l331±96 +39.7±10.0 -1.3±0.0 

T84 5 7.4 7.4 l103±93 +15.5±7.7 +0.4±0.1 
4 7.4 3.0 1017±88 -14.6±10.4 +6.2±0.8 
5 3.0 7.4 906±90 -12.3±9.l - I.3±0.4 

" Measured at 95 min (see Figure 1.8) 
b R, at 95 min expressed as the per cent change from the original R, with both apical and 

basolateral solutions at pH 7.4 
, Basal positive; measured at the same time as R, 

Re was maintained with apical pH 3.0, but not basolateral pH 3.0 for 1.5 h, 
although pH 2.5 on either side resulted in irreversible decreases in Re' 
MOCK cell mono layers were also able to withstand simultaneous apical 
and basolateral acidification (Figure I.S). The lesser expression of polariza­
tion with respect to resistance to acid in the established MOCK cell line, as 
compared with primary cultures of peptic cells, might be indicative of some 
loss of polarity in the cell line, perhaps reflecting selection pressures which 
have allowed the cell line to survive in culture. 

Similar results were observed with two human intestinal cell lines, TS4 
derived from a colonic adenocarcinoma, and HCT-S derived from an ileo­
caecal adenocarcinoma. Numerous reports are available describing the use 
of TS4 monolayers as a model system for colonic ion transport (e.g. see 
!v1~Ro?e~ts and BarrettS;/81 HCT-S cells show several e~ithelial ch~racter­
IStlCS Similar to TS4 cells . . Both these human gut cell hnes reconstitute as 
high-resistance monolayers (Re - 1000 Q·cm2). HCT-S and TS4 mono­
layers, in an analogous manner to MOCK cells, are able to maintain Re with 
apical and! or basolateral acidification to pH 3.0 (Table l.l). The increases 
in Re with at least mild acidification are consistent with acid-induced 
reductions in the paracellular shunt pathwal 

Acidification of either the basolateral or apical solutions in MOCK, 
HCT-S and TS4 monolayers resulted in pH-related increases in potential 
difference, consistent with development of H+ diffusion potentials (Table 
l.l). Apical, but not basolateral, amiloride reduced the ability of MOCK 
monolayers to resist acidic challenges82 . This suggests a role for Na+ - H+ 
exchangers in the normal maintenance of epithelial integrity in the face of 
acidic challenges. 

We have also investigated the effect of combinations of acid and aspirin 
on transepithelial resistance. In HCT-S cell monolayers, addition of aspirin, 
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5 mmol L-1, to a pH 3.0 solution resulted in a marked decline in Re72. At 
neutral pH, this concentration of aspirin is relatively innocuous. Similarly, 
in MDCK cell monolayers, acute or chronic (12 h) application of aspirin, 
> I mmol L-1, caused a decline in Re associated with increased trans­
epithelial flux of 14C_thiourea83. These results are consistent with the pH­
partition hypothesis; the weak acid aspirin may more readily diffuse across 
the cell membranes in an unionized form from acidic solutions2.84. 

These studies with established intestinal and renal cell lines illustrate that 
they are useful models for studying epithelial barrier function. The demon­
stration that reconstituted epithelial mono layers of such cells are resistant to 
basolateral, in addition to apical, acidification might suggest some loss of 
polarity compared with the peptic cell monolayers. 

FUTURE DIRECTIONS 

The study of upper gastrointestinal resistance to acid has been advanced by 
the use of modern cell biology techniques. In particular, the use of isolated 
membrane vesicles has enabled quantitation of apical membrane perme­
ability to protons. These vesicles have also illustrated that the apical 
membranes are likely to be the initial site of damage caused by aggressive 
agents. Studies with membrane vesicles should allow the definition of the 
role of specific membrane components, such as the membrane lipid 
composition, intramembranous proteins and the role of the glycocalyx, as 
pathways for proton permeation, and mechanisms by which it is 
modulated. 

Epithelial cells in culture, particularly in the form of reconstituted 
epithelial monolayers on permeable supports, offer a novel model system 
for investigating barrier functions, similar to the advances they have 
provided for studying transport functions. Such reconstituted monolayers 
have already demonstrated that resistance to acid is a common property of 
several 'tight' epithelia. The continued use of these cells will allow definition 
of cellular processes involved in such resistance. In particular, the bio­
physical measurements of these simple epithelia, coupled with intracellular 
measurements of H+, and other ions, using microspectrofluorimetric tech­
niques will allow mechanisms of resistance to acid to be elucidated. 
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2 
Establishment and Characteristics of 
Human Colorectal Adenocarcinoma 
Cell Lines 

s. C. KIRKLAND 

INTRODUCTION 

Many biological studies of colorectal carcinoma require the availability of 
established cell lines. These cell lines provide an unlimited quantity of 
carcinoma cells without contamination with the other cell types found in 
profusion in primary tumours. The characteristics of established cell lines 
differ widely. A bank of these cell lines, reflecting some of the diversity 
observed in primary human colorectal carcinoma, is a useful tool with 
which to study the biology of colorectal carcinoma cells. In addition, some 
of these cell lines retain sufficient of the differentiated features characteristic 
of the normal epithelium to make them useful model systems with which to 
study the functions of colorectal epithelium. This is particularly useful in 
light of the inability to establish differentiating cultures from normal 
colorectal epithelium. 

ESTABLISHMENT OF HUMAN COLORECTAL CARCINOMA CELL LINES 

Numerous cell lines have now been established from human colorectal 
carcinomas using a vast range of dissociation techniques and culture 
conditions 1-8. Primay carcinomas, metastases and ascitic fluid have all been 
used as starting material. 

Dissociation of tissue 

Cells have been isolated from carcinomas using both mechanical and 
enzymatic methods. Many colorectal carcinomas have a soft texture and 
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clumps of cells can be readily liberated without enzymatic treatmene,6, 
~uc~~ssful cultures ~ave, be~n establis~ed ~ollo:vi~~ mechanical dissocia­
tlOn ' , collagenase dlgestlOn and trypsm dlgestlOn ' , In general, attempts 
are not made to generate a single cell suspension at this stage as cell-cell 
contact is thought to be important to cell survival; therefore cell clumps are 
plated into culture flasks. Even at subculture, it is often preferable to 
transfer cell clumps to fresh flasks rather than to attempt to generate single­
cell suspensions, and, in some cell lines, it is extremely difficult to generate 
single-cell suspensions without damage to the cells. 

Primary culture conditions 

In general, the culture conditions used to establish colorectal carcinoma cell 
lines can be divided into three broad categories: 

(1) Culture on tissue culture plastic 
Cells are dissociated from the tumour and plated directly onto tissue 
culture plastic. Usually, high plating densities are required for 
success with this method. Different culture media have been used 
including 'standard' medium (Dulbecco's Eagles medium, Minimal 
Eagles Medium, McCoys SA), with 8-10% fetal calf serum (FCS)5,6, 
enriched medium with various additives3,8 and fully defined 
medium7• The fully defined medium, ACL-4, which was formulated 
for the growth of lung adenocarcinoma cells, has been successfully 
used to establish cultures from colorectal carcinomas and was shown 
to give a better success rate than RPM I medium supplemented with 
10% fetal calf serum7. 

(2) Culture on 'feeder' layers 
Cells are dissociated from the tumour and plated into flasks 
containing feeder layers of confluent mouse fibroblasts (C3H 

4 
IOTY2) . Cells are weaned away from the feeder layer when they 
become established in vitro. Twenty-one specimens from a total of 
27 were successfully established on feeder layers and 20 of these were 
subcultured at least 10 times and maintained in tissue culture for at 
least 6 months. Cell lines were established from 3 of these carci­
nomas. In contrast, cells from only 3 of the same specimens plated 
onto tissue culture plastic were able to grow and survive passage in 
culture 4. These methods offer great potential for the short-term 
culture of approximately 90% of colorectal carcinomas which 
permits experimentation on a larger percentage of all tumours and 
makes study of individual tumours a possibility. It is not clear 
whether additional cell types which are not found in cultures on 
tissue culture plastic can be found in association with feeder layers 4. 

Later experiments have demonstrated that the presence of feeder 
layers enhanced the colony formation of carcinoma cells in semi-
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solid medium and also increased the plating efficiency of xeno-
9 

grafted cells returned to culture. 

(3) Collagen gel cultures 
Previous success with the culture of various normal and neoplastic 
epithelial cells on collagen gel prompted the use of this method for 
the establishment of colorectal carcinomas and adenomas in culture. 
Explants from 100% of adenomatous polyps and 69% of carcinomas 
were found to attach to Type 1 collagen gels and produced epithelial 
outgrowth which could subsequently be subcultured8• In this system, 
cells were grown in Eagle's medium supplemented with 2% fetal calf 
serum, insulin, transferrin, hydrocortisone, tri-iodothyronine and 
sodium selenite. 2% FCS was used to reduce the fibroblast contam­
ination associated with higher levels of FCS. Cells could only be 
subcultured from these cultures with non-enzymatic culture meth­
ods. Using such methods, three cell lines were established from 12 
adenomas and 15 cell lines were established from 45 carcinomas8. 

Establishment of cell lines 

There is general agreement that there should be a delay before initial 
passage until cells are very tightly packed, and that, following subculture, 
cells should be replated at high density. Different methods have been 
successfully used to subculture primary cultures of colorectal carcinoma, 
these include trypsinization and EDT A dissociation. There is some sugges­
tion that more differentiated tumours and adenomas are more sensitive to 
trypsin treatment than more malignant tumour{ However, it is difficult to 
compare results on trypsinization obtained from different groups as differ­
ent preparations of trypsin have been used. 

The majority of colorectal carcinomas grow on tissue culture plastic as 
adherent monolayers with a typical epithelial morphology. However, some 
carcinoma cells fail to attach to the plastic and proliferate in suspension. 
This anchorage-independent growth has most frequently been observed in 
serum-free medium7 but also occurs in cultures grown in the presence of 
fetal calf serum5. These anchorage-indifferent carcinoma cells appear as 
aggregates which float in the culture medium. Some can form disorganized 
multicellular aggregates (i.e. V ACO 55) while others form tubular structures 
containing polarized cells with a central lumen (VACO 65, V ACO lOMS5 

and NCI-H5487) and others organize into spheroidal structures with smooth 
outlines which contain lumina circumscribed with microvilli and tight 
junctions (i.e. V ACO 3,4 and 55, NCI-H5087 and LIM 186310). In light of 
these observations, it is important to observe closely the floating material 
present in primary cultures and to retain this material while any sign of 
viability is present. 

Following the establishment of cell lines, it is essential to characterize 
fully the cell lines obtained. There have been several reports of the 
establishment of new colorectal carcinoma cell lines which have subse-
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quently proved to be the result of cross-contamination. The cell line, HTFU, 
which was originally isolated from the HT29 cellline ll , was subsequently 
shown by isoenzyme analysis to be a rodent contaminants. Recently, the cell 
line WiDr l2 has been shown to be a derivative of the HT29 cell line 13 • 

Consequently, the importance of carefully monitoring the development of 
cell lines cannot be overemphasized. Such monitoring is particularly 
important if other cell lines are grown in the laboratory alongside the new 
cultures or if rodent cells are used to provide a feeder layer in the primary 
culture stage. 

Cell lines should also be regularly screened for mycoplasma contamina­
tion using either a Hoechst staining technique l4 or commercially available 
kits. Mycoplasma contamination can go undetected in cultures for long 
periods of time. However, in view of the effects that mycoplasma has on 
various biological properties of the cells ls , cultures should be regularly 
screened so that experiments are only performed on mycoplasma-free 
popUlations. 

Establishment of HCA/HRA series of cell lines 

The HCAI HRA cell lines were established from primary human colorectal 
adenocarcinomas as previously described6. Briefly, pieces of primary color­
ectal cancers were obtained at the time of surgery from 46 unselected 
patients and transported in culture medium on ice for immediate processing. 
Cells were mechanically removed from the tumour and the resultant cell 
clumps were plated into 25 cm2 culture flasks in Dulbecco's Eagles medium 
(Gibco, Paisley, Scotland) supplemented with 10% fetal calf serum (Gibco) 
and antibiotics. Seeded flasks were gassed with a 10% CO2: 90% air mixture 
and incubated at 37° C. In successful cultures, the cell clumps attached to the 
culture flask and epithelial outgrowth was observed (Figure 2.1). For the 
first few medium changes, any floating material was returned to the flask 
until no suspended viable material could be observed. 

These primary cultures were only subcultured when areas of tumour 
growth became very confluent. Initially, the entire contents of a 25 cm2 flask 
were transferred to a fresh flask of the same size. Cells were subcultured 
using trypsin (three times crystallized and dialysed; Worthington Bio­
chemicals, Lome laboratories, Bury St. Edmunds, Suffolk, UK) but no 
attempt was made to produce a single-cell suspension; instead, clumps of 
tumour cells were transferred to a fresh culture flask. Fibroblasts were 
removed by scraping or by differential trypsinization of cultures. 

Primary cultures from 11 tumours were lost through contamination. 
However, with careful washing of the tumour pieces, this problem was 
resolved with later specimens. Cell lines were established from 6 of the 
remaining 35 tumours (17%). The main problem with the unsuccessful 
cultures was a failure of the cells to attach to the culture plastic. In this series 
of tumours, no evidence for the proliferation of tumour cells in suspension 
was obtained unlike some other studies where anchorage-independent cells 
were established as cell lines. The histological details of the carcinomas from 
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Figure 2.1 Phase contrast micrograph of an 8-day-old primary culture of HCA-46 cells (bar = 
21 !lm) 

which cultures were attempted are shown in Table 2.1. Details of tumours 
which yielded contaminated cultures were not included in this table. The 
characteristics of the tumours from which successful cultures were obtained 
are shown in Table 2.2 No correlation was seen between the histological 
grade or Duke's stage and the behaviour of the tumour cells in vitro. Cell 
lines were established from both colon and rectum, from well, moderately 
well and poorly differentiated tumours and from Dukes Band C stage 
carcinomas. 

CHARACTERISTICS OF COLORECTAL CARCINOMA CELL LINES 

Although there are now a large number of cell lines derived from colorectal 
carcinomal,8, only a few of these cell lines express differentiated features 
characteristic of the tissue of origin, the colonic mucosa. This may be due to 
the characteristics of the primary carcinoma cells or that more poorly 
differentiated cells have a selective advantage in vitro over their more 
differentiated counterparts. 

Characteristics of the HCA/HRA series of cell lines 

All of the cell lines from this series had a characteristic morphology. Phase 
contrast micrographs of the cell lines are shown in Figure 2.2. Some cells 
have a classical epithelioid appearance with large nuclei (HCA-7: Figure 
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Table 2.1 Histological details of carcinomas from which cultures were attempted* 

No. of 
Site Histological grade tumours Duke's stage 

A B C 

Colon Well differentiated 5 0 4** 1** 
Moderately differentiated 7 0 7** 0 
Poorly differentiated I 0 0 1** 

Rectum Well differentiated 5 1 3** 1 
Moderately differentiated 9 0 5** 4 
Poorly differentiated 3 0 I 2 

Caecum Well differentiated 2 0 1 1 
Moderately differentiated 3 0 0 3 

*Reproduced from Sr. 1. Cancer, 53, 779-785 (1986) with the kind permission of Macmillan 
Press Ltd., Basingstoke, UK 

**One cell line was established from each of these groups 

Table 2.2 Characteristics of carcinomas which yield cell lines* 

Cell Patient Histological Duke's 
line age (sex) Site grade stage 

HCA-2 83(F) Sigmoid colon Well differentiated C 
HCA-7 58(F) Colon Moderately differentiated B 
HRA-16 56(M) Rectum Moderately differentiated B 
HRA-19 66(M) Rectum Well differentiated B 
HCA-24 68(M) Ascending colon Well differentiated B 
HCA-46 53(F) Sigmoid colon Poorly differentiated C 

*Reproduced from Sr. 1. Cancer, 53, 779-785 (1986) with the kind permission of Macmillan 
Press Ltd., Basingstoke, UK 

2.2b and HRA-16: Figure 2.2c). Other cell lines form more tightly packed 
colonies so that their morphology is not easily seen (HCA-24: Figure 2.2e). 
Most of the cells within a cell line had a uniform morphology but HCA-7 at 
early passage and HRA-19 (Figure 2.2d) displayed a heterogeneous mor­
phology. The relevance of such heterogeneity will be discussed below. Dome 
formation is observed in monolayers of HCA-7 cells and occasionally in 
HRA-19 monolayers. All of the cell lines retain some of the morphological 
characteristics of colonocytes. All cell lines have microvilli although the 
number and organization of these microvilli differs widely betwen lines. 
HCA-7, HRA-16, HRA-19 and HCA-46 cell lines have tight junctions and 
HCA-7 and HRA-19 cells form morphologically and functionally polarized 
monolayers. Mucous cell differentiation has not been observed in 
monolayer cultures of any of the cell lines but is present in xenografts of 
HRA-19 16 and HCA-46 cells. Endocrine differentiation has been observed 
both in monolayer cultures (unpublished observations) and xenografts I6.17 

of the HRA-19 cell line. A more detailed description of the differentiated 
properties of the H CA-7 and HRA-19 cell lines is provided in the 
subsequent relevant sections. 
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Figure 2.2 Phase contrast micrographs of human colorectal adenocarcinoma cell lines: 

(a) HCA-2 (passage 16) (bar=84 11m) 

(b) HCA-7 (passage 19) (bar=42 11m) 
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(c) 

(c) HRA-16 (passage 32) (bar=84 11m) 
(d) HRA 19 a 1.1. cells (passage 25) (bar=84 11m). Monolayers contain tightly packed epithelial 
cells with indistinct borders (white arrow) and other cells with large intercelular spaces (black 
arrow) which are refractile under phase contrast microscopy. Increasing numbers of the cells 
with large intercellular spaces are found with time after trypsinization 
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(e) HCA-24 (passage 62) (bar=84 11m) 

(f) HCA-46 (passage 102) (bar=84 m) 
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Differentiation in normal colorectal epithelium 

Normal mucosa of the large intestine exhibits a regular pattern of 
differentiation where cells migrate from the crypt base to the surface 
epithelium. Four basic cell trpes are present: undifferentiated, columnar, 
mucous and enteroendocrine . Although this basic pattern of differentia­
tion is retained throughout the large intestine, differences in the ratios of 
mucous and columnar cells are observed between different sections of the 
large intestine. All of the differentiated cells in colorectal epithelium are 
thought to be derived from multipotential stem cells located in the base of 
the crypt (the Unitarian hypothesis)19-22. 

Differentiated features retained by colorectal carcinoma cell lines 

A bsorptive cells 

Most differentiated colorectal carcinoma cell lines have properties of 
absorptive or columnar epithelial cells. Some lines form polarized mono­
layers with a brush border23-27 while other lines are able to form domes or 
hemicysts in monolayer culture. Vectorial fluid trans~ort can be respons­
ible for the dome formation observed in these cultures 7-29. Quantitation of 
dome formation under different conditions can provide some data on the 
response of cells to various secretagogues. However, this procedure has 
limitations in that agents can only be applied to the apical surface of the 
cell, while many receptors for secretagogues are polarized exclusively to 
the basolateral surface. To overcome this problem, cells have been grown 
on millipore filters which allow access to both the apical and the baso­
lateral membranes. Short circuit current measurements of such monolayers 
have provided a great deal of information about the transport properties 
of colorectal carcinoma cell lines. Three human colorectal carcinoma cell 
lines have been used to stud~ epithelial ion transport. Monolayers of 
T8425.30 , Caco-i8 and HCA-7 1 have been shown to have small trans­
epithelial potentials and low resistances. These cell lines also respond to 
the secretagogue vasoactive intestinal polypeptide with an increased short 
circuit current, which is thought to be due to electrogenic chloride 
secretion3o,32. In normal colorectal epithelium, crypts are the site of chlor­
ide secretion and the surface epithelium is the site of sodium absorption33. 
As it has not yet been possible to demonstrate sodium absorption in 
carcinoma cell lines, it suggests that carcinoma cells have characteristics of 
crypt epithelial cells32. A more detailed account of the transepithelial ion 
transport in colorectal carcinoma cell lines can be found in the next 
chapter of this volume34. 

In addition to the ion transport properties of colorectal carcinoma cell 
lines, many of these cell lines express enzymes which are normally 
associated with small intestinal or fetal large intestinal epithelium. Mono­
clonal antibodies against sucrase-isomaltase, aminopeptidase and 
dipeptidylpeptidase, which were unreactive with adult large intestinal 
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epithelium, bound to the brush border of fetal colon, to apical borders of 
two colorectal carcinoma cells lines grown as xenografts bHT -29 and Caco-
2) and to 7/27 primary human colorectal carcinomas3 ,36. These results 
indicate a fetal pattern of enterocytic differentiation in some colorectal 
carcinomas, which can be retained by cell lines established from these 
carcinomas. 

Mucous cells 

The presence of mucous cells has only rarely been reported in a few 
colorectal carcinoma cell lines. Mucous cells have been demonstrated in the 
LIM 1215 cell line using electron microscopy, mucicarmine staining and 
staining with a monoclonal antibody to colonic mucous26 • In addition, the 
LIM 1863 cell line contains morphologically mature polarized columnar 
cells and mucous cells lO • LIM 1863 cells grow as organoids and are polarized 
around a central lumen which is lined by the apical membrane domain of 
the cells. Mucin production has also been demonstrated in the NCI-H498 
cellline7• 

In addition to the cell lines where mucous cells are 'spontaneously' 
produced, colonies of mucous cells have been reported in monolayers of 
HT-29 cells following treatment with sodium butyrate37 or replacement of 
glucose in the medium with galactose38 • 

Endocrine cells 

Endocrine cells are a common feature of primary human colorectal 
carcinomas; however, such cells have only been conclusively demonstrated 
in one carcinoma cell line (HRA-19). HRA-19 cells were shown to display 
endocrine differentiation when grown as xenografts in nude mice l6,17 and, to 
a lesser extent, when grown as monolayers in vitro (unpublished observa­
tions). 

Induction of differentiation in colorectal carcinoma cell lines 

Colorectal carcinoma cells can be induced to differentiate by the addition of 
certain chemicals, such as sodium butyrate, or by changes in nutritional 
conditions. The fatty acid salt, sodium but~rate, decreased the growth 
rate39,40, produced morphological changes 9 and increased enzyme 
expression 40-42 in colorectal carcinoma cell lines. However, it has been 
demonstrated that alkaline phosphatase synthesized by HRT-18 cells in 
response to sodium butyrate is different from that synthesized under control 
conditions 41. More recent work has demonstrated that placental-like 
alkaline phosphatase is synthesized by cells exposed to sodium butyrate43 • 

These observations, coupled with the fact that many of the effects of sodium 
butyrate have been shown to be reversible 41, suggest that caution should be 
used when comparing differentiation in response to sodium butyrate with 
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the normal differentiation processes in colorectal epithelium. Some perma­
nently differentiated clones have been established from the HT-29 cell line 
following butyrate treatment3? Some of these clones exhibit transepithelial 
transport with the formation of domes while others exhibit mucous 
secretion. Whether these clones arise by selection of cells which were more 
resistant to butyrate or by permanent changes to the cells in response to 
sodium butyrate remains to be established. 

Enterocytic differentiation can also be induced in HT -29 cells by replac­
ing glucose in the culture medium with galactose44 • HT-29 cells grown in the 
presence of glucose were undifferentiated while a subpopulation of HT-29, 
selected for their ability to grow in the absence of sugar (Glc), exhibited an 
enterocytic differentiation after confluency. This enterocytic differentiation 
was characterized by polarization of the monolayer with apical brush 
borders and tight junctions and the presence of sucrase-isomaltase 45. If 
these differentiated cells were returned to glucose-containing medium, they 
gradually lost their differentiated features and returned to the undiffer­
entiated state after 7 passages. Caco-2 cells which remain differentiated in 
high-glucose medium have a lower glucose consumption and a higher 
glycogen content than HT -29 cells which suggests that glucose metabolism 
is involved in the regulation of cell differentiation 45. 

Finally, it has recently been shown that treatment with polyethylene 
glycol results in the appearance of differentiated colonies in HT-29 
cultures 46. The mechanisms underlying this induction of differentiation have 
yet to be determined. 

Study of cell lineage using colorectal carcinoma cell lines 

Human colorectal epithelium is composed of columnar, mucous and 
endocrine cells. All of these cell lineages are thought to arise from a 
multi potential stem cell at the crypt base (the Unitarian hypothesis) 19-22; 

however, this has not yet been demonstrated. Gut endocrine cells have 
. I b 'd d b f I 4? d d 148- 50 .• vanous y een conSl ere to e 0 neura crest or en 0 erma ongm, 

but conclusive evidence, particularly in humans, is lacking. Study of cell 
lineage and the control of differentiation in colorectal epithelium has been 
severely hampered by the lack of differentiated in vitro model systems. One 
approach to this problem has been to grow primary colorectal adenocarci­
nomas as cell lines and study their differentiation characteristics. Several 
cell lines have been described as having pluripotential characteristics; one 
such cell line is HT-29. This cell line expresses enterocytic and mucous­
secreting characteristics when grown under glucose-free conditions38,44 and 
mucous cell characteristics when treated with sodium butyrate3? In addi­
tion, a clone of the HT-29 cell line (HT-29-18) isolated by limiting dilution 
from HT-29 cells also displays both absorptive and mucous cell character­
istics38• 

The LIM 1863 cell line which grows as floating organoids also contains 
both absorptive and mucous cells 10• Although this may result from the 
coculture of two different cell types, it is more probable that the organoids 
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contain multi potential precursor cells which give rise to both differentiated 
cell types. The LIM 1863 cell line is capable of differentiation in serum-free 
medium which suggests that either the cells are producing their own 
growth/ differentiation factors which act in an autocrine fashion or that they 
are independent of such factors 10. LIM 1863 cells could, therefore, provide a 
model system with which to study the processes of differentiation in 
colorectal epithelium. 

The HRA-19 cell line can now be added to the list of cell lines with 
multipotential characteristics. 

HRA -19 eeilline 

HRA-19 cells were derived from a primary adenocarcinoma of the rec­
tum I6,17, HRA-19 cells grow as monolayers on tissue culture plastic and have 
a heterogeneous morphology even after 150 passages in vitro. Clones of this 
cell line also display morphological heterogeneity (Figure 2.2d). Monolayers 
contain tightly packed epithelial cells with indistinct borders and other cells 
with large intercellular spaces which were refractile under phase contrast 
microscopy (Figure 2,2d)17. Increasing numbers of cells with large inter­
cellular spaces are found with time after trypsinization. This phenomenon is 
thought to be due to vectorial fluid transport which results in local fluid 
accumulation between the cells. Preliminary experiments show that, like the 
HCA-7 cells, HRA-19 cells can also maintain a short circuit current (A. W. 
Cuthbert, personal communication). Dome formation was, however, rarely 
seen in these monolayers; therefore, cells should not be regarded as non­
transporting simply because they do not demonstrate dome formation. 

Electron microscopy of monolayers demonstrates that the cells have the 
morphology of poorly differentiated absorptive cells, neither endocrine nor 
mucous cells being observed. However, immunocytochemistry performed 
on monolayers with an antibody to chromogranin (see later) demonstrates 
the presence of a few endocrine cells (unpublished observations). The failure 
to demonstrate these cells by electron microscopy is probably a sampling 
phenomenon as only selected areas of the monolayer can be viewed. On the 
contrary, immunocytochemistry allows us to scan several million cells for 
the presence of endocrine cells. 

When the HRA-19 cells were grown as xenografts in nude mice, the 
resulting tumours were composed of columnar and endocrine cells. The 
columnar cells had a better differentiated phenotype than their in vitro 
counterparts, with a well-organized brush border and associated glycocalyx. 
Endocrine cells could be demonstrated in xenografts by Grimelius silver 
staining and electron microscopyl7. No evidence for mucous cell differentia­
tion was obtained in these xenografts using either Alcian blue staining or 
electron microscopy. To further study the differentiation pathways in this 
cell line, the line was single-cell cloned using 'feeder' layers of mouse 
fibroblasts. Attempts to clone this cell line without the use of 'feeder' cells 
were unsuccessful. The resulting clones had a similar morphological 
appearance to the parent cell line. Xenografts of these cloned cells grown in 
nude mice were composed of columnar, mucous and endocrine cells 
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Figure 2.3 Transmission electron micrograph of a xenograft of clone HRA-19al.l cells 
(bar=4.35 ~m) showing both mucous cells with apical mucous vacuoles and columnar cells with 
abundant apical microvilli and tight junctions. (Reproduced from Cancer, Vol. 61, p. 1359, 
with kind permission from Lippincott; Harper & Row, Philadelphia) 

(Figures 2.3 and 2.4). Endocrine cells were demonstrated in these xenografts 
using Grimelius silver staining, electron microscopy and immunocyto­
chemistry with antibody, LK2H 10, which was raised against human 
chromo,?ranin and has been shown to be a specific endocrine tissue 
marker . These results show that a single epithelial cell can give rise to all 
differentiated cell types present in human colorectal epithelium, i.e. colum­
nar, mucous and endocrine. This demonstrates that colorectal endocrine 
cells have an endodermal origin, at least in neoplastic epitheliuml6 • 

As H RA-19 cells have a more differentiated appearance in vivo compared 
to their in vitro counterparts, the cells must be responsive to factors present 
in the nude mouse which are absent from the culture system. This makes 
HRA-19 cells a very useful system with which to elucidate the conditions 
necessary to induce differentiation in colorectal epithelium. 

Heterogeneity 

As with many other carcinomas, human colorectal carcinomas have been 
shown to contain a heterogeneous mixture of cells. Heterogeneity in the 
membrane antigens of human colorectal carcinoma cells has been demon­
strated by immunostaining of sections with monoclonal antibodies52 • The 
ability to derive cell lines with different biological characteristics from single 
carcinomas has confirmed the presence of these subpopulations which 
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Figure 2.4 Transmission electron micrograph of an endocrine cell with a xenograft of clone 
HRA-19a1.l cells (bar= 1.1 11m). (Reproduced from Cancer, Vol. 61, p. 1359, with kind 
permission from Lippincott; Harper & Row, Philadelphia) 

retain their unique features over many passages in vitro. Two cell colonies 
which differed in their morphology, karyotype and other biological char­
acteristics were isolated from the DLD-I colon carcinoma cellline53 . Two 
subpopulations have also been isolated from another colonic carcinoma cell 
line, RCT 116. These subpopulations, designated RCT 116a and RCT 116b, 
differed in their ability to grow in soft agarose and yielded xenografts in 
nude mice with distinctive histolog/4 • Cellular heterogeneity and possible 
interactions between the subpopulations is an important aspect of the 
biology of colorectal carcinoma. However, the mechanisms which generate 
and maintain this heterogeneity are poorly understood. The availability of 
cell lines of subpopulations from single carcinomas provides a model system 
with which to study this phenomenon. 

HCA-7 

Early passages of the RCA-7 cell line contained many morphological cell 
types. Two subpopulations were isolated from the cell line, each with a 
characteristic morphology throughout this period. In addition to their 
morphological differences, the cells had differing abilities to form xeno­
grafts in nude mice (Figure 2.5) and produce tumours of differing histology. 
The transport properties of these two subpopulations have been extensively 
investigated32 and shown to differ markedly, both from each other and from 
the parent cell line. Therefore, in addition to their obvious use in the 
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Figure 2.5 Histogram showing the differences in time taken to form subcutaneous xenografts 
in nude mice following the injection of 10' cells from three carcinoma cell populations. These 
populations are: a human colonic adenocarcinoma cell line (HCA-7) and two subpopulations 
isolated from the cell line (Col. I & Col. 3) 

investigation of the basis of heterogeneity in colorectal carcinoma, these 
subpopulations can provide a means of analr:sing normal functions of 
colorectal epithelium, such as chloride transport 2. Several more subpopula­
tions have now been isolated from the HCA-7 cell lines which are being 
investigated in the described systems. 

SUMMARY 

Many colorectal carcinoma cell lines have been established. These are useful 
for the investigation of the biological properties of colorectal carcinoma 
cells and the origin and maintenance of heterogeneity within single carci­
nomas. In addition, increasing numbers of these cell lines retain features 
which are characteristic of their tissue of origin, i.e. colorectal mucosa. In 
general, the cell lines which express differentiated features have the 
characteristics of absorptive cells and form morphologically and function­
ally polarized monolayers on tissue culture plastic. These cell lines provide a 
useful system for studying the processes of transport in colorectal epith­
elium. In addition, multipotential cell lines are now established which 
differentiate into two or three of the differentiated cell types found in the 
normal epithelium. Such cell lines are very useful for studying the control of 
differentiation in colorectal epithelium. In other continually renewing 
systems, such as the haematopoietic system, a range of proliferation and 
differentiation factors has been isolated which controls the differentiation of 
the stem cell into a variety of cell lineages. In contrast, virtually nothing is 
known about the factors controlling differentiation in the gastrointestinal 
epithelium although an important role has been demonstrated for epith-
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eli ai-mesenchymal interactions55 . The availability of multipotential cell lines 
will provide the model systems with which to study these differentiation 
pathways. 
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3 
Transepithelial Ion Transport in 
Cultured Colonic Epithelial Cell 
Monolayers 

A. W. CUTHBERT 

INTRODUCTION 

In the last decade, the study of transepithelial ion transport in cultured 
monolayers grown on pervious supports has become rather commonplace. 
This is in sharp contrast to the predominance of in vitro studies of intact 
epithelia in the previous thirty years. It is vital to anyone contemplating a 
study with cultured epithelia to consider both the advantages and disadvant­
ages of such a step and particularly if the questions to be posed are most 
appropriately answered by such an approach. There are both advantages 
and disadvantages in using culture systems. 

Among the advantages offered by tissue culture are the following. First, 
cellular heterogeneity typical of most natural epithelia is avoided. For 
example, in natural colonic epithelial surface and crypt cells have different 
functions in relation to ion transport. The structural complexity, especially 
of intestinal epithelia, is avoided in cultured tissues, which generally form 
single monolayer structures. Serosal access by chemical probes is often 
modified by tissues in the lamina propria which not only form a physical 
barrier but also contain other elements which may alter epithelial function. 
Of particular importance are nerve cell bodies and nerve endings and cells of 
the immune system. These may release a plethora of neurotransmitters, 
neuromodulators or autacoids in response to chemical agents which then act 
indirectly upon the epithelium. This is avoided with cultured monolayers 
and so allows more definitive conclusions to be reached about the nature of 
receptors in the basolateral aspect of the cells. For those who wish to detect 
single channel currents with the patch clamping technique, then at least the 
apical surfaces of cultured mono layers are easily accessible. The basolateral 
surface poses technical problems but no worse than those in intact epithelia. 
The presence of specific receptors in epithelial membranes can be approa­
ched by a combination of functional studies coupled with those for ligand 
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binding. Cultured epithelial cell membranes will be purer than those 
obtained from tissues where contaminating membranes arise from other cell 
types. Also, autoradiographic location of bound ligands is less ambiguous in 
cultured epithelia. 

Isolation of mutants by use of selective procedures forms a powerful 
approach to the study of the molecular mechanisms of transport processes. 
This does not necessarily require epithelial cells, but somatic cell genetics 
studies with epithelial cells will allow important questions to be posed about 
the functional responsibilities of transport proteins in these systems. The 
interested reader should consult the review by Gargus2• 

Epithelia cultured upon surfaces always grow with the basolateral surface 
against the substrate end with the apical surface uppermost. In suspension 
culture, they can form acini with either the apical or basolateral surface 
facing inwards3• In no situation do the cells arrange themselves randomly 
with respect to polarity. The way epithelial tissues establish this polarity is a 
vital, and yet, an only partially answered question. Many elegant experi­
ments have been devised to examine how cells address membrane compo­
nents to the correct domain and cultured epithelia provide a sensible system 
in which this phenomenon can be investigated. Until now, much of the work 
was carried out with MDCK cells, but recently generation of cell polarity 
has been studied in a colonic cellline4• 

Epithelia grown from primary cultures of kidney tubules, mammary glands, 
sweat glands, the epididymis, etc., have been used to study transport processes 
but, as yet, there are no studies using primary cultures of intestinal epithelia. 
Cultured monolayers from the large intestine have been made with cell lines 
and herein lies a possible major disadvantage with this approach. Such lines, 
whether derived from naturally occurring tumours or following virus transfor­
mation, may have undergone a considerable amount of differentiation and 
therefore not be representative of naturally occurring cells. Questions 
addressed to an understanding of cellular mechanisms are therefore likely to be 
more successful than those which relate to in vivo behaviour. 

A second disadvantage of cultured systems is that receptor systems 
normally present may not be expressed in culture or, alternatively, cultured 
cells may produced receptors not found in vivo. Furthermore, expression of 
receptors may occur only in some circumstances. A classic example of this 
kind is with the toad kidney cell line, A-6. Grown on a plastic surface, A-6 
monolayers do not show amiloride-sensitive sodium uptake or arginine~ 
vasopressin-sensitive adenylate cyclase activity. Both of these properties are 
found in monolayers grown upon pervious supports where nutrient can bathe 
both surfaces5,6. 

Culture conditions are often crucial for obtaining satisfactory 
monolayers for transport studies. The ideal condition is to have a fully 
defined medium so that the effect of removal of one component at a time 
on properties may be investigated. More usually, serum (fetal calf mostly) 
or other mixtures (chick embryo extract) are added to produce satisfactory 
growth. A difficulty then arises since an unknown component or com­
ponents may induce properties not normally expressed, making compari­
son to in vivo situations hazardous. 
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METHODOLOGY 

Essentially, the principle of producing cultured epithelial monolayers is a 
simple one. Cells are persuaded to grow until a confluent monolayer is 
formed on some sort of pervious support. The monolayer and support are 
then mounted in an appropriate fashion depending on the protocol to be 
used. 

The earliest studies were pioneered by Misfeldt et al., 19767, Cereijido et 
al., 19788 and Rabito et al., 19789 with MDCK cells, growing these on 
Millipore filters. Millipore or Nucleopore filters are still widely used and can 
be coated with collagen or Matrigel to promote cell attachment. Because of 
the difficulties referred to earlier with A-6 cells, filter-bottomed cups were 
devised with small feet so that the culture has access to growth medium from 
both surfaces6,1O. This method has the added bonus that the transepithelial 
potential, in developing mono layers, may be monitored at intervals, using 
sterile external electrodes dipped into the apical and basolateral bathing 
solutions. Furthermore, once the cell layer has become 'tight', the cups can 
be fitted to modified Ussing chambers or used for investigation with 
microelectrodes. 

As the cups are not altogether ideal for all subsequent manipulations, we 
devised a much simpler system by gluing washers made from Sylgard 
silicone elastomer (central hole 0.2 cm2, thickness 2 mm) to precoated 
Millipore filters, so creating a small well into which a cell suspension could 
be loaded 11 • Four such units are then floated on the surface of medium in a 
petri dish. The time to confluence with this method can only be learned from 
experience as there is no easy way to monitor the transepithelial potential. 
Nevertheless, with both methods, there is avoidance of edge damage when 
the monolayers are used in an U ssing chamber configuration as the cells 
grow up to and sometimes onto the edge of the cup or washer. The washer 
does, of course, provide an excellent way of sealing the two chamber halves 
together when slight compression is applied. 

There are some variants on these standard methods which are useful in 
some circumstances. For example, collagen can be spread on the surface of 
a dish and cells allowed to grow on his. Once the cells are nearly confluent, 
the collagen layer can be gently eased off the dish and allowed to float to the 
surface of the medium. Some contraction of the gel matrix takes place, but, 
importantly, it allows medium to have access to the serosal surface. The 
resulting epithelium can be lightly clamped between chambers using silicone 

12 
grease to make a seal . 

There are other protocols which eventually might prove very useful in 
transport studies in epithelia. For example, after an epithelial monolayer 
has been established, what if a second collagen overlay is added on the 
apical surface? Cells are therefore provided with alternative surfaces upon 
which to lay down a basement membrane. With MDCK cells, tubules are 
formed in which the lumen is lined with apical microvilli l3 • Such structures 
may be useful both for organizational studies as well as for those of 
transport. 

Finally, some epithelial cells, when grown in suspension culture, form 
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free-floating hollow spheres lined with a monolayer of polarized epithelial 
cells with outward facing microvill{ Some colonic epithelial cell lines can 
also form cellular microspheres (Kirkland, private communication). 
Clearly, such cellular spheres could be used in a variety of permeability 
studies with ions and other substances. 

COLONIC EPITHELIAL CELL LINES 

Studies with human epithelia are facilitated by using a tissue culture 
approach. Curiously, all of the colonic epithelial cell lines available for 
transport studies are derived from human tissues, usually carcinomas. Table 
3.1 lists the major types available together with their origins. Eight of the 
nine listed form confluent monolayers in culture and therefore are 
potentially useful for transport studies. The three lines derived from H CA-7 
(Colonies 1, 3 and 29) were obtained from the parent line using a cloning 
cylinder and/ or sodium butyrate treatment. This suggests that heterogeneity 
exists in earlier passages of HCA-i4. The dome-forming capacity of HCA-7 
cells is slowly lost at high passage numbers, suggesting that the proportion 
of different cells types is changing. On the other hand, Colony 1 cells form 
domes readily even when subconfluent, while Colony 3 cells rarely form 
domes. 

HRA-19 is of rectal origin and probably arose from malignant progenitor 
cells as it retains the ability to differentiate even after 120 passages. The 
pleomorphic nature is evidenced by the ability to differentiate into 
endocrine cells and cells with absorptive characteristics when implanted into 
nude mice l5 • Clonal monolayers (i.e. derived from a single epithelial cell) 
also develop endocrine and mucous cells in monolayer culture l6 • 

The T84 cell line has been extensively used for transport studies and was 
derived from lung metastases of a human colon carcinoma grown in nude 
mice. Cells from mouse tumour tissue had the characteristics of epithelial 
cells when grown in serum-supplemented medium and again formed 
identical tumours when returned to the mice l7 • 

Caco-2, another human cell line, exhibits spontaneous epithelial differ­
entiation in vitro. Although there are relatively few transport studies with 
this line, it has sufficiently different properties to make it of interest. 

The original HT 29 cell line showed no tendency to form polarized 
mono layers, but, after treatment of cultures with sodium butyrate, a 
number of different morphologies emerged and five clonal cell lines were 
isolated lB. Strictly, flat colonies of cells were isolated using cloning cylinders 
giving stable cell lines but it cannot be absolutely claimed that each line 
derived from a single cell. All five clonal cell lines produced dome-forming 
polarized epithelia, with or without mucous secreting cells. The latter may 
represent a post-replicative popUlation arising from a stem cell pool. 

LIM 1863 is included in this section because it is unusual. After 
explanting small pieces of tumour tissue, free-floating cells accumulate in 
the medium with no evidence of epithelial cells attached to the plastic 
surface. The floating cell masses or 'organoids' contain mature columnar 
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Table 3.1 Colonic epithelial cell lines 

Name Derivation Formation of Reference 
polarized 
epithelium 

HCA-7 Human colonic adenocarcinoma Yes 14 

HCA-7 From HCA-7 Yes 27 
Colony I 

HCA-7 From HCA-7 Yes 27 
Colony 3 

HCA-7 From HCA-7 Yes Cuthbert and 
Colony 29 Kirkland 

(unpublished) 

HRA-19 Human rectal adenocarcinoma Yes 15 

T-84 Lung metastases from a human colon 
(HC84S) carClfloma Yes 17 

Caco-2 Human colonic carcinoma Yes 42 

HT29 Human colonic adenocarcinoma Yes 18 

LIM Human colonic carcinoma No 19 
1863 

cells and goblet cells, secreting mucus into a central lumen. They represent, 
in some ways, cultured crypts, although endocrine cells have not been 
found l9 . As yet, there are no transport studies on these interesting objects, 
but they do offer a variety of possibilities. 

RESPONSES TO SECRETAGOGUES IN CULTURED EPITHELIA 

Wherever monolayers of colonic epithelial cells have been studied, the 
transepithelial potential is small (less than I m V) with the apical side 
negative. In general, basal short circuit currents (SCC) are low and with 
transepithelial resistances in the range 30-150 Q cm2. The apical membrane 
potential has been measured in Caco 2 cells and has a value of around 
-60 m V, with a voltage divider ratio of 0.8, indicating that the apical face is 
the main resistance barrier20. Many secretagogues cause an increase in SCC 
in colonic epithelial monolayers with a corresponding, almost parallel 
increase in transepithelial voltage. Small increases in electrical conductance 
have been recorded in response to secretagogues, for example, in Caco 2 
cells, there is a 4% increase in conductance with dibutyryl cyclic AMP, 
corresgonding to a conductance change of 3 mS cm 2 in the apical mem­
brane . 
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Table 3.2 Secretagogues affecting cultured epithelial monolayers 

Name Secretagogues Reference 

Caco 2 (1.9 IlA cm', Db cAMP, VIP, 20,21 
0.3 mV, 150 n cm') adrenaline, forskolin, 

and amphotericin 
HCA-7 (9-5 IlA cm 

, 
LBK, forskolin, VIP, 

0.3 mV, 50-80 n cm') CCh, A23187, histamine 27, 38, 44 

HCA-7 Colony I LBK, forskolin, VIP, 27 
(42 n cm') CCh, A23l87 
HCA-7 Colony 3 LBK, forskolin, VIP 27 
(l17ncm'l, CCh, A23187 
HCA-7 Colony 29 F orskolin, A23187, Unpublished 

LBK 
HRA-19 F orskolin, A23187, Unpublished 

LBK 
T84 (Near zero VIP, ACh, PGE" 29, 43 
SCC and ,Potential, A23187, histamine 
100 n cm) 

Where available basal values of SCC, transepithelial potential and membrane resistance are 
given. LBK refers to Iysylbradykinin, CCh and ACh to carbachol and acetylcholine 
respectively and VIP to vasoactive intestinal polypeptide 

Table 3.2 lists the secretagogues which have been shown to increase Sec. 
This increase could be due to electrogenic anion secretion, electrogenic 
cation absorption or a mixture of the two. Nystatin and amphotericin were 
shown to increase see in a way which is dependent upon mucosal sodium 
in eaco-2. However, this current was insensitive to amiloride so it cannot be 
concluded that this line has electrogenic sodium absorbing capacity. This 
finding is similar to the behaviour of Necturus maculosus skin in which the 
apical face is impermeable to sodium. However, if sodium gains access 
through the apical face, then it can be expelled by the basolateral sodium 
pump, thus affecting electrogenic sodium absorption. Amphotericin is able 
to permeabilize the cell membrane to cations22 • The see responses to all the 
other secretagogues mentioned in Table 3.2 appear to be due to electrogenic 
anion secretion. The evidence for this is from either flux studies or by use of 
inhibitors. Flux studies are rather difficult in cultured monolayers as the 
areas are generally small and any minute areas of non-confluence provide 
extra leakage pathways. A typical mammalian colon has a resistance of 
200-300 n cm , somewhat higher than those for cultured monolayers as 
recorded in Table 3.2. However, electrogenic chloride secretion has been 
shown to account for a major fraction, at least, of the responses to many 
secretagogues. For example, VIP and PGE1 cause both an increase in 
chloride flux in the apical to basolateral direction and vice versa with an 
overall increase in net chloride secretion. This is found without any 
significant changes in sodium flux23 ,24. With A23187 and carbachol, only a 
significant change in the serosal-to-mucosal flux of chloride is found, 
together with a consequent change in net chloride secretion, again without a 
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significant effect on sodium movemeneS,26. Fluxes have not been measured 
following treatment of monolayers with lysylbradykinin (LBK), although 
the effect can be inhibited with piretanide, a loop diurectic27 • LBK does, 
however, cause net chloride secretion in many other epithelia, for example 
the rat colon28 • In some of the HCA-7 type epithelia, not the whole of the 
SCC increase to secretagogues is sensitive to loop diuretics, such as 
piretanide, bumetanide or frusemide. Some of the remaining fraction can be 
inhibited by acetazolamide suggesting that, at least under some circum­
stances, part of the secretion is due to bicarbonate. 

A convincing demonstration of neutral N aCI absorption or of electro­
genic sodium absorption has not been made in cultured colonic monolayers, 
indicating that they have properties of crypt cells rather than those of 
surface or villous cells 1. There are also a number of scattered reports on the 
lack of effect of aldosterone on these monolayers, which accords with the 
same Vlew. 

The secretagogues listed in Table 3.2 fall into two neat categories: VIP, 
forskolin and PGE1 are known to increase cAMP in epithelia and other cells 
via an action on membrane receptors coupling to adenylate cyclase through 
G-proteins. On the other hand, LBK, CCh, ACh and histamine are known 
to increase intracellular calcium concentrations. Indeed, direct measure­
ments of Ca j with Fura-2 fluoresence has shown this to be so for the action 
of histamine and carbachol in T84 cells26,29. There is another important 
difference in that the responses of the group which increase cAMP are, in 
general, sustained while those to the Ca(raising group are transient, the 
peak SCC falling to just above baseline plateau after several minutes. The 
reasons for these differences are not altogether clear. 

Apart from forskolin and A23187, which are very lipophilic, all of the 
secretagogues show sidedness, with the exception of LBK. In the HCA-7 
series of cell lines, LBK acts from both the apical and basolateral faces 44 and 
the quality of the responses is also different. This difference may point to 
different mechanisms. In general, however, the other secretagogues act only 
from the basolateral face. 

SECRETORY MECHANISMS IN CULTURED COLONIC EPITHELIA 

Electrogenic chloride secretion in mammalian epithelia is thought to require 
a number of elements. First, chloride must enter the cell through the 
basolateral side, moving up an electrochemical gradient into the cell. This it 
does by using the energy stored in the sodium gradient and an NaKCl2 

triporter. The sodium can be removed from the cell by the basolateral 
sodium pump while the potassium ions equilibrate through basolateral K+ 
channels. Chloride ions can leave the cell by the apical face through chloride 
channels, moving down an electrochemical gradient. Thus, one expects the 
apical surface to be polarized negatively with respect to the basolateral 
surface, providing a driving force for the movement of a counter-cation in 
open circuit conditions. Arents might then interact with apical chloride 
channels, the basolateral K channels or the triporter directly or indirectly. 
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Some epithelial K+ channels are Ca-sensitive so that signals increasing Cai 

might be expected to open K+ channels, resulting in an accelerating voltage 
for apical chloride exit, as well as increasing the K+ concentration in the 
basolateral stationary layer to fuel the triporter. This picture of chloride 
secretion appears to be accurate for monolayers of colonic cells, mainly 
through the work of Dharmsathaphorn and his colleagues with T84 cells. 

For example, the uptake of Na+, Rb+ (as a marker for K+) and cr was 
measured in the presence of VIP and in the presence or absence of 
bumetanide. The bumetanide-sensitive uptake of each ion was found to be 
interdependent and, from initial velocities, the uptakes approached the ratio 
of 1:1:2 for Na:K:Ce3• Further, in T84 monolayers loaded with 86Rb., it was 
found that PGE, increased serosal but not the mucosal efflux of the isotope, 
an action which was blocked by Ba2+ ions indicative of basolateral K+ 
channels24. A similar result was obtained with carbachol; however, serosal 
Rb+ efflux was not blocked26 by Ba2+. While PGE, increased cAMP content 
of the cells, carbachol did not, although there was a transient rise in Cai . 

A23187 behaves like carbachol with resr.ect to basolateral Rb + efflux, with 
the exception that it is sensitive30 to Ba +. The evidence therefore points to 
two types of K+ channel in the basolateral membrane, one sensitive to 
cAMP and one to Cai , but the differences between A23187 and CCh in 
terms of Ba2+ sensitivity are difficult to explain. 

From measurements of 36Cl uptake into T84 monlayers, it was found that 
VIP, but not A23187, promoted uptake which was independent ofNa+ or K+ 
and therefore distinct from the co-transport uptake, a finding confirmed by 
the insensitivity to bumetanide. This uptake was selectively at the apical 
face, where VIP altered the rate of chloride uptake but not the chloride 
concentration for half maximal saturation3' . The uptake studies provide 
excellent evidence for cyclic AMP-dependent chloride channels in the apical 
face of these cells, now confirmed by patch clamp studies. 

Chloride channels with a conductance of 50 pS (at 160 mmol L- l NaCl) 
have been found in the apical membranes of both T84 and HT29 cells; 
additionally, a smaller conductance channel of 15 pS was found in HT29 
cells. The 50 pS channels in both types of cell show outward rectification with 
a permeability sequence of I>Br>Cl>F. As chloride secretory epithelia 
transport only cr, and occasionally Br- to a lesser extent, the anion 
selectively may reside in the basolateral membrane. The PCl/ PN a ratio for 
the 50 pS channel was around 50. In the cell attached mode, forskolin and 
PGE2, as well as cAMP, cause the appearance of channel activity in quiescent 
cells. In both systems, the open state probabilty was increased by depolariza­
tion of the apical membrane. This effect acts to counter the reduced 
electrochemical conductance gradient occasioned by the increase in apical 
chloride conductance caused by cAMP. Both types of chloride channel in 
HT29 cells were blocked by NPPB (5-nitro-2-(3-phenylpropylamino)-

32,33 . 
benzoate) . In a very recent study, It appears that NPPB affects the rate 
constant for channel opening or closing rather than blocking the channels 
directly'4. At present, there do not seem to be any really potent chloride­
channel blockers, and some commonly used agents (e.g. anthracene-9-
carboxylate) affect the generation of cAMP in some epithelial cell lines. 
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SYNERGISM BfTWEEN MESSENGER SYSTEMS 

Chloride secretion requires that the ion be moved through two barriers in 
series in order to complete the transport process. Agents like VIP increase 
both the chloride conductance of the apical barrier and the potassium 
conductance at the basolateral side (see above). The latter then both assists 
chloride exit and may prime the NaKCl2 exchanger. Agents such as VIP 
produced sustained responses in T84 and HCA-7 monolayers. On the other 
hand, agents like carbachol only produce rather transient responses and 
affect only basolateral K+-conductance. Interactions between these two sorts 
of agents have been studied in T84 cells25 and in HCA-7 monolayers 
(Cuthbert, unpublished). In general, the findings are that pairs of agents, 
such as VIP and A23187, carbachol and VIP, carbachol and PGE" produce 
responses which are more than additive. The major question which arises is 
whether or not this is because the apical membrane remains a rate-limiting 
barrier in the case of an agonist acting through Ca2+ or if cAMP-producing 
agonists are promoted by an extra increase in basolateral K+ conductance, 
or again if there is a more subtle interplay between the two separate 
signalling systems. Some obvious interactions have been eliminated, for 
example A23187 does not affect the generation of cAMP by VIP and 
basolateral K+ efflux for these two is simply additive. The question remains 
to some extent unanswered, for example responses to carbachol and 
histamine are transient, yet that for A23187 is sustained. Agonists acting 

~ . ~ 
through Ca may act through mtracellular Ca pools and not be dependent 
solely upon external calcium, as is A23187. It has been reported for some 
systems that cAMP can increase Caj , or, alternatively cAMP may promote 
the release of Ca2+ from internal stores when acted upon IP3, a messenger 
generated by carbachol, histamine, etc. Most impressive is the finding that 
the potentiation is seen when maximally effective concentrations of different 
Ca j and cAMP-generating agonists are used. 

Figure 3. I illustrates some results from unpublished work from my 
laboratory in which some features of the potentiation phenomena are 
explored. 

Lysylbradykinin, which in HCA-7 monolayers acts through Caj and not 
the production of eicosanoids27 , is an unusual agonist in that it has receptors 
on both the apical and basolateral faces of the ce1l44 • The illustration shows 
that basolaterally applied LBK is significantly potentiated by forskolin. On 
the other hand, thapsi~argin, an agent which increases Caj but not by an 
ionophoric mechanism 5, inhibits the action of LBK, on this occasion 
applied apically. The effect of thapsigargin is maintained, although there is 
some decline from the original peak response, yet this agent is not known to 
affect cAMP metabolism. More puzzling is why the terpene is virtually 
ineffective in some lines (e.g. Colony I and Colony 3) and the target for this 
agent needs identifying. Important questions also remain about how 
thapsigargin (and A23187) give sustained increases in chloride secretion. 
While hyperpolarization of the apical membrane, caused by opening of 
Ca2+ -sensitive basolateral K+ channels, will increase the gradient for chloride 
exit, the open state probability of the chloride channels will be reduced. 
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Figure 3.1 Effect of lysylbradykinin (0.1 ~mmol L ') given as indicated by filled circles on 
either the basolateral (bl) or apical (ap) side of the monolayer. Upper record shows the 
potentiating effect of forskolin (F) (10 ~mmol L ') on LBK responses in a 7-day HCA-7 
monolayer. Lower record shows the inhibitory effect of thapsigargin (170 nmol L " apical) on 
LBK responses in a 21-day HCA-7 monolayer. Each monolayer was 0.2 cm'- Horizontal lines 
indicate zero SCC (Brayden and Cuthbert, unpublished) 
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Earlier suggestions of Ca2+ -sensitive chloride channels are worthy of further 
investigation. 

Interesting information can be gathered, in relation to the role of Ca2+ and 
cAMP as second messengers, by examining the behaviour of mutant cell 
lines. The results given in Figure 3.2 confirm and extend the data given by 
Cuthbert et al.27. Three mutants derived from HCA-7 cells, namely Colonies 
1,3 and 29 are examined alongside the parent cell line and together with the 
human rectal carcinoma line, HRA-19. The responses are given as charge 
transfer in nEq in 8 min which takes into account both the SCC increase 
and how well the increase is maintained. Only HCA-7 and HRA-19 
mono layers give substantial responses to both secretagogues. Colony 1 
monolayers give large responses to forskolin but very minor responses to 
A23187. For Colonies 3 and 29, the reverse is true. Clearly, there must be 
apical chloride channels in these preparations for chloride secretion to take 
place at all, but the mechanisms by which they are regulated are still 
obscure. Whether effective chloride secretion depends entirely upon an 
increased gradient for apical exit, modified by the potential dependence of 
channel open time, has already been discussed. A major question is why are 
the apical chloride channels not equally well operated by cAMP in different 
lines. Figure 3.2 also shows that this is not because the cells fail to 
accumulate cAMP. Interestingly, those lines which respond well to 
forskolin only accumulate modest amounts of cAMP, while the 
unresponsive lines accumulate 500~600% more. The failure of chloride 
channels to respond to cAMP at a point downstream of nucleotide 
formation is a characteristic of transporting tissues in cystic fibrosis36,37. It 
was found by Cartwright et al. 25 that there was a reasonable parallelism 
between cAMP generation and the chloride secretory response in T84 
monolayers, which accumulate cAMP to the same levels as those found in 
HCA-7, Colony 1 and HRA-19 tissues. Clearly, there is no parallelism 
between the cAMP accumulation and the chloride secretory response in 
different epithelial systems. 

One of the major advantages of using cultured monolayers for transport 
studies is, as stated earlier, the ability to perform experiments with a single 
known cellular type. However, there have already been attempts to 
reconstruct epithelial monolayers into more complex structures. An exam­
ple is given in Figure 3.3 in which a 'sandwich' was constructed from rat 
peritoneal mast cells and an HCA-7 monolayer. In this instance, the rat had 
been previously sensitized to ovalbumin. Challenge of the 'sandwich' with 
ovalbumin resulted in a SCC response, whereas this did not happen with 
mast cells from unsensitized animals. In experiments such as these, it was 
shown tht the SCC response was dependent on the number of mast cells 
present and that, when using a fixed number of mast cells, a concentration­
dependent reduction of the response could be achieved with the HI 
antagonist, mepyramine38 • Models such as the one described may be useful 
as microbioassays for investigating the mediators in some disease states 
where the availability of cells is limited. For example, airway epithelia might 
be sandwiched with a variety of cells from human lung lavage. Use of 
various allergens combined with cell sorting and use of specific inhibitors 
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Figure 3.2 SCC responses in monolayers (0.2 em') of HCA-7. Colony I. Colony 3, Colony 29 
and HRA-19 (designated 7, I, 3, 29, 19) to forskolin (10 Jlmol L') or A23187 (I Jlmol L- ') 
(both applied apically) expressed as nEq of charge transfer in 8 min (open columns). The closed 
columns indicate the tissue accumulation of cAMP during 15 min after exposure to forskolin 
(10 Jlmol L ') in pmol! mg protein. Basal values were around 10 pmol! mg protein. Each 
column represents the mean values for 4 to 17 observations 

my shed light onto the nature of the mediators affecting epithelial function 
in allergic asthma. It should also be possible to culture defined types of 
enteric neurones and overlay these with intestinal epithelia to complement 
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Figure 3.3 SCC responses in an HCA-7 monolayer (0.2 em') sandwich with peritoneal mast 
cells taken from rat sensitized to ovalbumin. Ovalbumin (oval 20 ~g/ ml) was applied on the 
basolateral side. F orskolin (I 0 ~mol L ') was added after the hypersensitivity reaction had 
subsided. 

other types of study on the role of enteric nervous system in epithelial 
function. 

OF OTHER THINGS 

This review has concentrated upon the transporting functions of cultured 
colonic epithelial monolayers. However, it should be remembered that the 
major advantage of cellular homogeneity makes them useful for other types 
of problem, for example the nature of epithelial receptors and the bio­
chemistry of second messenger systems. Three examples will suffice to 
demonstrate the diversity of these possibilities. Intracellular calcium has 
been implicated in having a role in apolipoprotein B secretion in Caco 2 
cells39; the turnover and metabolism of (Y2-adrenoceptors has been 
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investigated in HT-29 cells 40; and nuclear VIP receptors have been shown in 
HT-29 cells41 • 

CONCLUSIONS AND THE FUTURE 

The picture of chloride secretion which emerges from the investigation of 
colonic epithelial cells in culture is much as would have been predicted from 
our knowledge of mechanisms of chloride secretion gained from in vitro 
studies of intact animal epithelia. The isolation of somatic cell mutants, with 
unique properties, together with the appliation of cellular and molecular 
genetic approaches offers considerable scope for the isolation and molecular 
characterization of molecules which are crucial to the transporting process 
as a whole. 
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Section II 
PANCREAS 



Introduction 

The pancreatic section of the book contains two chapters, the first by Barry 
Argent and Michael Gray and the second by Ann Harris. 

In the first chapter, a technique for isolating ducts from the copper­
deficient rat pancreas is described. Copper deficiency causes a non-inflam­
matory atrophy of pancreatic acinar cells (80% by volume of the gland) but 
leaves the ducts (2% by volume) structurally and functionally intact. As a 
starting point for duct isolation, this preparation has two advantages over 
the copper-replete rat pancreas. First, the proportion of duct cells which can 
be isolated is markedly increased and secondly, the content of potentially 
harmful digestive enzymes is significantly reduced. The isolated ducts are 
well preserved morphologically and exhibit biochemical characteristics that 
are typical of ducts within the intact copper-replete rat pancreas. Furth­
ermore, the isolated ducts can be maintained in tissue culture where their 
ends seal up, allowing micropuncture techniques to be used to study fluid 
secretion. In addition to this work, conventional microelectrode and patch­
clamp techniques have been applied to the isolated ducts in order to 
elucidate the cellular mechanism of bicarbonate secretion. The authors 
present the latest model. 

Dr Harris' chapter deals with the culture and characterization of epith­
elial cells derived from human fetal pancreas. Two main epithelial cell types 
grow out from the primary explants: small tightly-packed cells and larger 
streaming cells. The smaller cell type appears first and is considered to be a 
precursor population that differentiates into the larger cell type after a 
variable period in culture. Immunocytochemical studies performed with 
antibodies to mucins and to a range of cytokeratins have indicated that the 
cells in culture are most probably of ductal origin. Full-length messenger 
RNA has been isolated from these cells, an achievement which would have 
been virtually impossible with intact fetal pancreas where degradative 
enzymes released from the acini postmortem and upon homogenization 
would have cleaved the RNA. The isolated mRNA has been used to 
construct cDNA libraries. Attempts have been made to establish 
immortalized cell lines from the primary cultures and these are described. 
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4 
Pancreatic Ducts: Isolation, Culture and 
Bicarbonate Transport 

B. E. ARGENT AND M. A. GRAY 

INTRODUCTION 

The pancreatic ductal tree is a network of branching tubules whose primary 
fuction is to conduct digestive enzymes into the duodenum. Strictly 
speaking, it begins with the centroacinar cells which line the middle of each 
enzyme-secreting acinus, and which connect to the smallest element of the 
true ductal system, the intercalated ducts. In most species, these intercalated 
ducts open into intralobular ducts, which run within the pancreatic lobules, 
and then eventually into larger interlobular ducts l . However, in the rat, 
intercalated ducts open directly into interlobular ducts, and morpho­
logically distinct intralobular ducts are absene (Figure 4.lA and B). The 
final division of the ductal tree is usually the main pancreatic duct; however, 
in the rat, mouse and guinea-pig, a variable number of large interlobular 
ducts open into the bile duct forming a common bile-pancreatic dud. 

In addition to acting as a simple conduit, the ductal tree secretes mucins3, 

and is also an ion-transporting epithelium4• Little is known about pancreatic 
mucin biosynthesis and secretion3; however, ductal ion transport is 
relatively well understood, at least at the whole gland level4• In response to 
stimulation with the hormone, secretin, the ducts produce a bicarbonate­
rich isotonic fluid which flushes enzymes towards the gut, and is also partly 
responsible for neutralizing acid chyme which enters the duodenum from 
the stomach. However, not all secreted bicarbonate reaches the duodenum; 
some is exchanged for blood chloride in a flow-rate-dependent manner. 
Thus, at high flow rates, when there is less time for exchange, the juice 
bicarbonate concentration is high, whereas the reverse is true at low flow 
rates5 (Figure 4.2). Although a description of this anion exchange process 
features in all basic textbooks of physiology, its function remains a mystery. 
We think it may playa role in protecting the pancreas against autodigestion. 
One can easily imagine that during inter-digestive periods (when the 
pancreas is unstimulated), the ductal tree will hold a static column of fluid 
containing a potentially harmful mixture of digestive pro-enzymes. 
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Figure 4.1 A Three dimensional representation of the rat exocrine pancreas. Small 
intercalated ducts (arrowheads) branch from a larger interlobular duct. In the rat, there are no 
distinctive intralobular ducts. Enzyme secreting acini are located at the end of the intercalated 
ducts . B Scanning electron-microscope overview of rat pancreas after removal of most acini 
by ultrasonic vibration . Interlobular ducts (D) branch to form intercalated ducts (arrowheads), 
which eventually terminate in acini. (From reference 2, with permission) 
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Obviously, if these pro-enzymes became active, the consequences for the 
ductal epithelium would be serious. Ductal anion exchange might protect 
against this eventuality by lowering luminal bicarbonate, which, in turn, 
would move liminal pH in the acid direction, i.e. away from the pH 
optimum of the enzymes. At high flow rates, this mechanism would not be 
required, since activated enzymes would be rapidly flushed from the gland. 

Why should we be interested in studying the ductal epithelium? Well, 
apart from its ability to secrete large amounts of bicarbonate, defects in 
ductal function may underlie the pancreatic pathology that occurs in cystic 
fibrosis6- 8, and perhaps acute pancreatitis9• Furthermore, 90% of pancreatic 
carcinomas, which now account for one quarter of all cancer deaths in the 
USA'o, are ductal in origin". Unfortunately, studying duct cell function in 
situ is not easy. This is because the duct cells comprise only a small 
proportion of the pancreas: about 14% by volume in man, 4% in guinea-pig, 
and only 2% in the rat 12• Thus, metabolic and biochemical observations on 
whole glands must largely reflect the properties of acinar cells, which form 
74-85% of the tissue '2. Furthermore, the smaller ducts, which are probably 
the major sites of bicarbonate secretion 4, are not easily accessible, making 
biophysical studies of the type required to elucidate ion transporting 
mechanisms virtually impossible, Obviously, the solution to all these 
problems is to isolate either ductal epithelial cells 13 16 or intact pancreatic 
ducts 16-31. For most transport studies, the latter approach is preferred since 
the structural and functional characteristics of the ductal epithelium are 
retained. At the time of writing, reconstitution of a functional pancreatic 
ductal epithelium in monolayer culture has not been reported, although 
studies directed at this goal are in progress l2,32 (see Chapter 5 by A. Harris). 

Several comprehensive reviews have recently appeared dealing with the 
cell biologyl2, monolayer culture l2,32 (see Chapter 5 by A. Harris), 
permeability properties of the main duct9 and ion transport functions of the 
ductal epithelium 1,4,3336 Here, we focus on the techniques available for the 
isolation and culture of small pancreatic ducts and show how these new 
preparations are beginning to advance our understanding of the mecha­
nisms by which the pancreas transports bicarbonate. 

ISOLATION OF SMALL PANCREATIC DUCTS 

Table 4.1 summarizes the techniques available for the isolation of small 
interlobular and intralobular pancreatic ducts which are probably the major 
sites of bicarbonate secretion 4. Essentially, the methods fall into two 
categories: 

(1) Dissociation of the gland with enzymes and mechanical shearing, 
followed by isolation of ducts by either manual selection, centrifuga­
tion or microdissection. 

(2) Microdissection without prior tissue dissociation. 

Unfortunately, the yield of ducts obtained by microdissection alone is low, 
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Figure 4.2 A Ion transport functions of pancreatic ducts. The major site of bicarbonate 
secretion (sometimes called the primary secretion) is probably the smaller interiobulr ducts, 
whereas flow-rate-dependent Clj HCO, exchange probably occurs throughout the ductal tree. 
8 and C Electrolyte composition of pancreatic juice collected from the anaesthetized cat (8) 
and rat (C). The glands were stimulated to secrete at different rates by continuous infusion of 
different doses of secretin. See text for explanation of these plots. The bicarbonate concent­
ration in pancreatic juice varies markedly with species. Maximum values are 140-150 mmol L I 

in cat, dog, pig, guinea-pig, Syrian golden hamsters and humans; 120 mmol L I in the rabbit; 
and 80 mmol L I in the rat4

• Whether this difference reflects a species variation in the 
composition of the primary secretion, or a difference in the rate of Clj HCO, exchange, is 
unknown. [n all species, the concentrations of sodium and potassium in pancreatic juice are 
about equal to those in plasma and do not vary much with flow rate'. For all species studies so 
far, pancreatic juice [Na'] + [K'] = [Cl] + [HCO,] to within a few mmolj L. (8 and C from 
reference 5, with permission) 

and may be a limiting factor for biochemical studies. Prior dissociation of 
the gland with enzymes gives a much higher yield, although it is our 
experience and the experience of others l9, that this approach produces ducts 
in which the epithelial cells are morphologically poorly preserved. We 
suspect the damage results largely from the action of digestive enzymes, 
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particularly lipases, which are difficult to inhibit pharmacologically. These 
are released from acinar cells during the prolonged dissociation periods 
employed by most workers. Furthermore, ducts isolated in this way always 
contain adherent acinar tissue.'922. 

In our laboratory, we have successfully combined a high yield of ducts 
with excellent morphological preservation of the ductal epithelium, by 
starting with glands taken from copper-deficient rats23.24. Feeding young 
rats (approx. 125 g) a copper-deficient diet has an intriguing, and as yet 
unexplained, effect on the pancreas, causing a non-inflammatory atroph:x of 
the acinar cells but leaving the ducts structurally and functionally intact -39. 
As a starting point for duct isolation, this preparation has two advantages. 
First, the proportion of duct cells in the gland is markedly increased, and 
secondly, the content of potentially harmful digestive enzymes is markedly 
reduced. The possibility that copper deficiency affects the ductal epithelium 
has been ruled out by extensive morphological, biochemical and secretory 
studies (see below), all of which show that these isolated ducts possess 
functional characteristics similar to those of ducts in situ within the 
pancreas of copper-replete animals. 

A collection of ten freshly isolated interlobular ducts is shown in Figure 
4.3A. Their external diameters vary between approximately 50-100 ).tm and 
their length between about 300-900 ).tm. Twenty to fifty ducts of this size 
can be isolated from each gland, and occasionally ducts up to 2 mm in 
length are obtained. Note the complete absence of adherent acinar tissue. 

Figure 4.3B shows a high-magnification view of an interlobular duct. The 
epithelium rests on a thick layer of connective tissue which can be dissected 
away to expose the basolateral surface of the epithelial cells (Figure 4.3C, D 
and E). In Figure 4.3E, the typical 'cobblestone' outline of individual 
epithelial cells at their apical surfaces is clearly visible. 

From an ultrastructural point of view, isolated interlobular ducts are well 
preserved24 . Their epithelium consists of a single layer of either columnar or 
cuboidal epithelial cells which vary from 8-12 /lm in height and 1.5-4.5 /lm 
in width, and which have a characteristic lobed nucleus positioned towards 
their basal pole24 . In addition to the epithelial cells, endocrine and 
caveolated cells are occasionally observed within the epithelium of the 
interlobular ducts24. 

Microdissection of the smaller intercalated ducts (there are no distinctive 
intralobular ducts in the rat pancreas2; see Figure 4.1 A) is technically 
difficult, but, conveniently, they are often obtained as branches of the 
interlobular ducts (Figure 4.3D, 5A and B)24. Epithelial cells within 
intercalated ducts are 5-7 11m in height and appear pear shaped in 
transverse section with the lobed nucleus occupying the major portion of the 

24 
cytoplasm. 

In addition to morphology, simple biochemical criteria, such as 02 
consumption24, adenine nucleotide levels24, and incorporation of amino 
acids into proteins'8 have been employed to show that isolated duct 
preparations are viable (Figure 4.4). One important observation is that 
isolated ducts increase their cyclic AMP content when stimulated by the 
hormones, secretin (Figure 4.4) and VIP, whereas pancreozymin, glucagon, 
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PANCREATIC DUCTS 

Figure 4.3 Small interlobular ducts isolated from the rat pancreas. A Collection of ten 
ducts. Bar, 250 11m. B Higher magnification of an interlobular duct. Lumen (Lm.), epithelium 
(Ep.) and connective tissue (C.t.) are visible. Bar, 25 11m. C Interlobular duct after removal of 
the connective tissue. This low-magnification view shows that the duct was about I mm in 
length. Bar, 100 11m. D Small projections (Lb.) on the left side of the duct are intercalated 
branches that have fractured close to their site of origin as the connective tissue was stripped 
off. Bar, 50 11m. E Cobblestone appearance of the apical region of the epithelial cells. Bar, 
10 11m. (From reference 24, with permission) 
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500 
ATP 3.78 ± 0.81 

ADP 0.68 ± 0.19 
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Figure 4.4 Dose-response curve for the effect of secretin on the cyclic AMP content of rat 
interlobular ducts. Each column is the mean ± SE of 3 or 4 observations made on different 
preparations. A statistically significant (p < 0.05) rise in cyclic AMP content occurred with 
I nmol L 1 secretin, while the hormone dose required for a half-maximal effect was about 
20 nmol L I. Inset shows adenine nucleotide levels (mmol (L duct epithelium) I), and 0, 
consumption (mIO,. min I. (100 g duct epithelium) I) in isolated rat ducts. Energy charge was 
calculated as [ATP] + 0.5 [ADP]j[ATP] + [ADP] + [AMP], and a value of 0.85 is indicative of 
a viable healthy cell population. (From reference 24, with permission) 

bovine polypeptide and carbamycholine have no effect I8 .24 • These important 
findings indicate that the isolated ducts retain secretin and VIP receptors, 
and that these receptors are functionally coupled to adenylate cyclase, 
Secretin is probably the most important physiological regulator of pan­
creatic bicarbonate secretion l .4, and there is very good evidence from intact 
gland studies that this peptide uses cyclic AMP as an intracellular 
messenger 1.4, 

CULTURE OF ISOLATED DUCTS 

Githens and his collaborators first described techniques for the culture of 
ducts isolated from the rat and hamster pancreas in agarose or collagen gels 
f 20 k 12,20-22.25 I I b f' d' , or up to wee s . n our a oratory, we m It more convement to 
culture ducts for short periods (2-3 days) on polycarbonate filter rafts which 
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float on the growth medium23 • This has the advantage that individual ducts 
can easily be removed from the filters using micro pipettes. Maintaining the 
ducts in culture results in a marked dilatation of their lumens, a flattening of 
the epithelium against the surrounding connective tissue layer, and an 
overall swelling of the ducts I2,20-23,25 (Figure 4.5). These morphological 
changes are caused by the ends of the ducts sealing during the early stages of 
culture, followed by fluid secretion into the closed luminal space. The speed 
with which this occurs probably reflects the morphological and biochemical 
preservation of the freshly isolated ducts, and takes 2-4 days for ducts 
. I d f hid h 20-22 25 b . h' ISO ate rom t e norma rat an amster pancreas " ut occurs WIt ill 

8 h for ducts isolated from the copper-deficient rat gland23 • If swollen ducts 
are punctured, their lumen collapses and the epithelium returns to its 
normal dimensions (Figure 4.5). Whether the cut ends of the ducts simply 
stick together or whether sealing is associated with cell growth is unknown. 
However, epithelial cells in cultured ducts certainly retain a proliferative 
capability as shown by the incorporation of labelled thymidine into 
DNA I2,25,31 

Apart from a reduction in their height, a fall in the number of 
intracellular fat droplets and a widening of intercellular spaces, epithelial 
cells within the cultured ducts retain all of the ultrastructural features of 
those in freshly isolated preparations23 • Cultured interlobular ducts from rat 
and hamster glands also retain carbonic anhydrase activit/5, which is a 
biochemical marker for the ductal epithelium40, and also accumulate mucins 
in their lumens25 . Furthermore, these cultured ducts increase their cyclic 
AMP content when stimulated with secretin23 , which must indicate that they 
retain receptors for this hormone. 

BIOCHEMICAL STUDIES ON ISOLATED DUCTS 

Excluding those aimed at assessing viability (see above), biochemical studies 
on isolated pancreatic ducts have hardly begun. Most of the work published 
so far reflects attempts to identify 'marker' enzymes, or duct-specific 
peptides~ which could be used for the biochemical identification of ductal 

• 12,1/,19-2125 I' b bl f' h l' I . f . h b llssue ' . t IS pro a y air to say t at Itt e new ill ormatwn as een 
gained from these studies that was not previously known from work on the 
intact gland. However, it is worth emphasizing that freshly isolated and 
cultured ducts retain carbonic anhydrase, N a+ I K+ -A TPase, and hormone­
stimulated adenylate cyclase, three enzymes which play a central role in 
pancreatic bicarbonate secretion 4. 

SECRETORY STUDIES ON ISOLATED DUCTS 

The availability of isolated pancreatic ducts offers a unique opportunity to 
sample ductal secretions which are uncontaminated by acinar fluids. 
Previously, this has only been possible by applying renal micropuncture 
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Figure 4.5 Light micrographs of interlobular ducts that had been maintained in culture for 
24 h. Phase contrast. A Low-magnification view of a group offive ducts. Note the sealed ends 
of the ducts (S.e.) and the dilated lumens (Lm.). On one duct, the remnant of an intercalated 
branch (Lb.) is visible. Bar, 100 ~m. B Higher magnification view of the duct in A with the 
intercalated branch (I.b.). The dilated lumen (Lm.) and the flattened epithelial layer (Ep.) are 
clearly visible. Bar, 25 ~m. C The same duct immediately after being punctured. Photogra­
phed in the region of the intercalated branch (Lb.) and at the same magnification as B. Note the 
decrease in lumen width (Lm.) and increased epithelium height (Ep.). Bar, 25 ~m. (From 
reference 23, with permission) 
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technology to the intact gland 1,4 which is technically very difficult due to the 
scarcity and inaccessibility of the smaller ducts. The ease with which isolated 
ducts can be micro punctured offers the possibility of establishing un­
equivocally which hormones and neurotransmitters stimulate the duct cells, 
how these agents interact, and the true composition of ductal fluid. 

Figure 4.6 shows the sequence of events during micropuncture of a 
cultured interlobular duct. 23 • The basal rate of fluid secretion from ducts 
that had been maintained in culture for 16~50 h was 0.16 ± 0.03 nl h- ' nrl 
duct epithelium (n=12), and this was increased fourteen-fold by 10-8 mol L- ' 
secretin. The full dose-response curve for secretin is illustrated in Figure 4.71 
and shows that fluid transport was significantly increased by 10-11 mol L­
secretin, and that the dose required for half-maximal secretion was about 
2.0x 10-" mol L- ' . For comparison, the dose~response curve for secretin­
stimulated fluid secretion from the perfused rat pancreas is also plotted. 
Clearly, the response of isolated ducts is very similar to the response of duct 
cells within the intact gland. As predicted from studies on the intact gland4 , 

secretin-stimulated fluid secretion is abolished if bicarbonate ions are 
removed from the fluid bathing isolated ducts (Figure 4.7). Figure 4.7 also 
shows that dibutyryl cyclic AMP increased the basal rate of fluid secretion 
about 6-fold; however, the decapeptide, caerulein, which stimulates enzyme 
and fluid secretion from the acinar cells 4, has no effect. Finally, it should be 
noted that the secretin dose~response curve for fluid secretion lies far to the 
left of that for cyclic AMP accumulation (compare Figures 4.4 and 4.7). 
This may indicate that only very small changes in intracellular cyclic AMP 
are required to maximally activate ion transport, or that another 
intracellular messenger system is involved (see below). 

Overall, these results show that, in terms of secretory responses, isolated 
pancreatic ducts behave exactly as predicted from studies on intact glands. 
However, we were surprised to find that the chloride concentration in fluid 
collected from maximally stimulated ducts was about 130 mmol L- ' , and 
that the bicarbonate concentration23 was no greater than 25 mmol L- I• This 
was not what we had expected; pancreatic juice collected from a maximally 
stimulated rat pancreas contains about 60 mmol L- ' chloride and about 
80 mmol L- ' bicarbonate4 • To understand the reason for this apparent 
discrepancy, it must be recalled that there are two anion transport processes 
operating in pancreatic ducts: (I) the secretion of a bicarbonate-rich fluid, 
and (2) the exchange of secreted bicarbonte for blood chloride in a flow­
rate-dependent manner (Figure 4.2). When interlobular ducts are isolated, it 
is not unreasonable to suppose that their inherent secretory rate is much 
lower than the flow rate through them in the intact gland. This must occur 
because in situ they will act as conduits for secretions originating from the 
more distal regions of the ductal tree. Thus, there will be adequate time for 
chloride/bicarbonate exchange to occur in isolated ducts, which explains 
the high chloride concentration, and low bicarbonate concentration, in 
ductular fluid. 

Secretory studies on isolated ducts are still in their infancy; however, this 
area is likely to be a rewarding one for future research in terms of 
understanding the mechanism and control of ductal secretions. In this 
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Figure 4.6 Measurement of fluid secretion from a cultured pancreatic duct using 
micropuncture techniques. A The duct is first immobilized by applying a suction pipette 
(S.p.) to its outer connective tissue layer, then micropunctured using a bevelled oil-filled 
collection pipette (C.p). B Success is confirmed by the injection of a small volume of coloured 
oil into the lumen. C The duct is then deflated by aspirating the luminal fluid into the 
collection pipette. This pipette is then withdrawn from the lumen, the fluid ejected to waste in 
the tissue bath, and the duct immediately repunctured along the same entry track. Usually, the 
collection period is then started by application of a subatmospheric pressure to the pipette. 
D If suction is not applied to the collection pipette, secreted fluid accumulates within the 
closed lumen of the duct causing it to dilate. This photograph was taken 40 min after C, during 
which time the duct was perifused with Krebs- Ringer bicarbonate buffer (pH 7.4) at 3rc. 
Phase contrast. Bars, 200 ~m. (From reference 23, with permission) 

80 



-E 
::l 

Q) 
.I:: 
.~ 
Q. 
Q) 

1:) 
::l 

"C 

c: -... .I:: -c: 

Q) ... 
co ... 
c: 
.2 

3.0 

2.5 

2.0 

1.5 

1.0 

... 
~ 0.5 
(,) 
Q) 

(I) 

o 

PANCREATIC DUCTS 

~~<--~------~ ______ -L ______ -L ______ ~ 

o 10-12 

Secretin concentration (M) 

Figure 4.7 The effects of secretin, bicarbonate ions and dibutyryl cyclic AMP on fluid 
secretion from cultured interlobular ducts. Individual ducts were micro punctured as shown in 
Figure 4.6. At the end of the collection period, the dimensions of the epithelium were measured 
and the epithelial volume calculated. Secretion rates, plotted as mean ± SEM, are expressed as 
nl h' (nl duct epithelium) '. Dose-response curve for the effect of secretin on fluid secretion 
from isolated ducts (e-e). For comparison, the dose-response curve for secretin-stimulated 
fluid secretion from the perfused rat pancreas is also shown (.6.-.6.). Effect of replacing 
bicarbonate ions in the perifusion buffer with HEPES on secretin-stimulated fluid secretion 
(0). Effect of 2 x to 4 mol L ' dibutyryl cyclic AMP on fluid secretion (0) To obtain the data in 
this figure, only one fluid collection was made from each duct. However, ducts could be 
returned to the tissue culture incubator after an initial measurement, allowed to reflate (which 
usually takes 2-2.5 h) and then repunctured without any loss of secretin responsiveness. 
(Drawn from data in reference 23) 

respect, we have recently found that bombesin is as effective as secretin in 
stimulating fluid secretion from isolated ducts, and that substance P has an 
inhibitory effect (N. Ashton, B. E. Argent and R. Green, unpublished 
observations). Since bombesin stimulates enzyme secretion from pancreatic 
acinar cells4! by mobilizing intracellular Ca2+, this finding may indicate the 
presence of a previously unsuspected Ca2+-activated pathway for ductal 
anion transport. 
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BLOOD DUCT CELL 

3CID~--+-~ .. 3C02+3H20 
1\ CA 

3H 2 C03 

1\. 
3H+ + 3HCO; - ........ ..-.. - 3HCO; 

----: .. --t~3Na + 3CI- - .... --=-~-

TP 

Figure 4.8 Cellular model of bicarbonate secretion by pancreatic duct cells. See text for 
details . (From reference 16, with permission) 

BIOPHYSICAL STUDIES ON ISOLATED PANCREATIC DUCTS 

Over the last 20 years, several models have been proposed to explain the 
cellular mechanisms by which pancreatic duct cells actively transport 
bicarbonate '.4 . Unfortunately, these schemes were largely based on whole­
gland studies and were impossible to evaluate without biophysical data on 
the duct cell. Recently , this goal has been achieved by applying conventional 
microelectrode and micro perfusion, patch clamp, and fluorescent probe 

h . . I d . d 16 28-3042 S f h' h h tec . mques to ISO ate pancreatic ucts ' '. 0 ar, t IS approac as: 

(l) Shown that bicarbonate secretion is electrogenic, i.e. causes an 
alteration in duct cell membrane potential; 

(2) Localized potassium and chloride conductances to the basolateral 
and apical membranes of the duct cell, respectively, and identified 
the ion channels responsible; 

(3) Identified at least one site, the apical chloride channel, at which 
cyclic AMP acts to regulate bicarbonate secretion; and 

(4) Identified basolateral Na+ I H+ exchangers, and apical Cl-; HC03' 

exchangers on the duct cell. Previously, their presence had been 
inferred from inhibitor studies on intact glands4. 

The current cellular model for duct cell bicarbonate secretion is shown in 
Figure 4.8. The experimental evidence for each of the transport elements is 
summarized in Table 4.2, and Table 4.3 details the biophysical properties of 
this epithelium. At present, the model is largely based on the spatial 
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Table 4.2 Evidence for the spatial distribution of transport elements on pancreatic duct cells 

Transport element Evidence Reference 

Basolateral membrane 
Na'!K' ATPase (I) Cytochemical! immunochemical 
(electrogenic) localization See ref. 4 

(2) Basolateral ouabain depolarizes Vb' 28 

K' channel (I) Increased extracellular [K'] depolarizes 
Vh , 28 

(2) Ba", and to a lesser extent TEA, 
depolarize Vb' 28 

(3) K' channel characterized using patch 
clamp technique 44 

N a'! H' exchanger (I) Basolateral amiloride depolarizes Vb' 
(intracellular acidification decreases 
basolateral K' conductance) 28 

(2) Reducing extracellular Na' causes 
intracellular acidification (blocked by 
amiloride) 30* 

Apical membrane 
Secretin- and (I) Luminal application of CI channel 
cyclic AMP-regulated blockers (NPPB, DCI-DPC) hyperpolar-
Cl conductance and izes Vh , and increases fractional 
CI channel resistance of the apical membrane 29 

(2) Secretin and dibutyryl cyclic AMP 
depolarize V" (predicted result for an 
increase in apical CI conductance), 
reduce input resistance, and reduce 
fractional resistance of the apical mem-
brane 29,42 

(3) Cl channel characterized using patch 
clamp technique 16,47 

cr! H CO) exchanger (I) Luminal application of SITS 
hyperpolarizes Vh, (lowers intracellular 
Cl and decreases CI efflux through the 
channel) 29 

(2) Reducing extracellular Cl causes 
intracellular alkalinization (blocked by 
SITS) 30* 

*Study did not distinguish between apical and basolateral location. 
Abbreviations: Vbi' basolateral membrane potential; NPPB, 5-nitro-2-(3-phenylpropylamino)­
benzoic acid; DCI-DPC, 3', 5-dichlorodiphenylamine-2-carboxylic acid; SITS, 4-acetamido-4'­
isothiocyanatostilbene-2,2'-disulphonic acid; TEA, tetraethylammonuim 

distribution of the transport elements and the way in which these are 
modulated by stimulants. Its confirmation will require the electrochemical 
gradients for chloride and bicarbonate to be measured, and additional 
information about the permeability properties of the paracellular pathway 
in smaller ducts. 

The initial step in bicarbonate secretion is viewed as diffusion of CO2 into 
the duct cell and its hydration by carbonic anhydrase (CA) to carbonic acid. 
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Table 4.3 Electrophysiological properties of small pancreatic ducts 

Property Value 

Basolateral membrane potential of duct cells - 33 to -63 m V 

Transepithelial potential 

Transepithelial resistance 

-2.6 mV 

88 n'cm' 

Reference 

28,42 

28 

28 

This dissociates to form a proton and a bicarbonate ion, and the proton is 
translocated back across the basolateral membrane on the N a + / H+ 
exchanger. Effectively, this is the active transport step for bicarbonate, the 
energy being derived from the sodium gradient established by the Na+ / K+ 
A TPase. Bicarbonate ions are then thought to exit across the apical 
membrane on the cr / HC03- exchanger. The rate at which this exchanger 
cycles will depend on the availability of luminal chloride, which in turn 
depends on the opening of the apical cr channel. This channel is activated 
following secretin stimulation of the duct cell, causing a dose-dependent 
depolarization of the membrane potential (Figure 4.9), and is probably the 
main control point in the secretory mechanism. Since bicarbonate exit at the 
apical membrane is rheogenic, i.e. it generates a current, there must be equal 
current flow across the basolateral membrane during secretion. Two thirds 
of this current is accounted for by potassium efflux through the voltage­
dependent K+ channel, and one third by cycling of the electrogenic sodium 
pump. Finally, the negative transepithelial potential, generated by activa­
tion of the apical chloride conductance, draws sodium and a small amount 
of potassium into the lumen via a cation-selective paracellular pathway. 

In our laboratory, we have been using the patch clamp technique to study 
the ion channels whose activity underlies the potassium and chloride 
conductances on the basolateral and apical membranes of the duct cell 
(Figure 4.8)28.29, Patch clamping involves sealing a glass micropipette onto 
the plasma membrane, and then measuring the very small currents that flow 
when single ion channels open43 (see chapters by Malcolm Hunter and 
Jeffrey J. Smith for further details). It has the advantage that patches can be 
obtained selectively on either the apical or basolateral membranes of the 
duct cell, and thus the spatial distribution of channels can be unequivocally 
determined. Although we have focused mainly on the regulated K+ and cr 
channels which play an important role in bicarbonate secretion, a number of 
other channels, whose functions remain unclear, have also been identified 
on the duct cell (Figure 4.10). 

Basolateral potassium conductance 

The role of this conductance is to recycle potassium accumulated by the 
Na+ / K+ ATPase, and to provide a pathway for current flow across the 
basolateral membrane (Figure 4.8). It also offsets the depolarization that 
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occurs when the apical membrane chloride conductance increases following 
stimulation, and thus helps maintain the driving force for electrogenic anion 
secretion (Figure 4.8 and 4.9). The best candidate for the channel respon­
sible is a voltage-dependent Ca2+-activated maxi-K+ channel44, which has 
many properties in common with those previously described in other 
glandular epithelia45 • There are about twenty of these large-conductance K+ 
channels on each duct cell, giving a channel density of about I per 19 flm2 of 
plasma membrane. 

What is the evidence that activity of this channel underlies the basolateral 
potassium conductance of the intact cell? From the pharmacolo~ical point 
of view, it is not conclusive. Both the potassium conductance 8 and the 
maxi-K+ channel are blocked by barium; however, tetraethylammonium 
(TEA), which also blocks the channels has only a small depolarizing effect 
on the duct cell membrane potentiae . Moreover, we have recently found 
that whole-cell potassium currents can be completely blocked by barium, 
whereas, in the presence of TEA, a small residual current persists. Taken 
together with the fact that neither barium nor TEA has any effect on 
secretin-stimulated fluid secretion from the perfused rat pancreas 46, these 
data may indicate that other, as yet unidentified, K+ channels are present in 
the basolateral membrane. 

However, strong evidence for a role of the maxi-K+ channel in bicarbon­
ate transport comes from the effect of secretory stimulants on channel 
activity. One can predict from the model shown in Figure 4.8 that channel 
activity should increase following stimulation in order to balance the 
increased secretory current flowing across the apical membrane. This is, in 
fact, the case: the proportion of total time that maxi-K+ channels on intact 
duct cells are open (their open-state probability) is markedly elevated by 
secretin, dibutyryl cyclic AMP and forskolin. As activity of this channel is 
voltage dependent44 , such an effect might result from the depolarization that 
occurs following exposure of the duct cell to these stimulants29,42 (Figure 
4,9). However, this is not the only explanation since whole cell potassium 
currents can be markedly activated by intracellular cyclic AMP, and, in 
excised patches, the maxi-K+ channel can be activated by exposing the 
cytoplasmic face of the membrane to a solution containing A TP and the 
catalytic subunit of cyclic AMP-dependent protein kinase (M. A. Gray, J, 
R. Greenwell, A. J. Garton and B. E, Argent, unpublished observations). 
Under these experimental conditions, the membrane potential is clamped, 
so both results provide evidence for an additional activation pathway 
involving cyclic AMP-dependent protein phosphorylation. 

Apical chloride conductance 

Three lines of evidence suggest that a small (5 pS) cr channel is responsible 
for the apical membrane chloride conductance. 

(I) The channel is located only on the apical membrane and is active in 
16 cell-attached patches , 
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Figure 4.9 C Dose dependency of the effect of secretin on basolateral membrane potential. 
Each column indicates the mean ± SEM of the maximal depolarization obtained with 10 9 and 
10-8 mol L' secretin applied to the duct cell as described in section A. (From reference 42, with 
permission) 

(2) 

(3) 

Both channel activit~ and a chloride conductance can be detected on 
unstimulated cells '6. 9. 

Secretin, cyclic AMP and forskolin all increase channel activity'6. 

This last effect causes the stimulant-induced depolarization of the duct 
cell29,42 (Figure 4.9), reduces the input resistance 42 (Figure 4.9) and also 
decreases the fractional resistance of the apical plasma membrane29 • We 
originally identified this channel on rat duct cells' , but it is also present in 
the human pancreas 47. It provides luminal chloride for the cr / HC03-

exchanger, and is probably the main control point in the secretory 
mechanism. 

Under the most favourable experimental conditions, only 23% of all 
patches on the apical plasma membrane contain this small conductance 
channel. However, when present, it typically occurs in clusters which usually 
contain two or three, but occasionally up to seven, active channels (Figures 
4.lIA and 4.l2A). The open-state probability is not markedly voltage 
dependent (Figures 4.IIA and 4.12A), indicating that the channel will be 
active at potentials (-50 to -60 m V) measured across the apical membrane 
.. f d d 29 m mIcro per use ucts.. 

Proof that this channel selects for chloride is shown in Figure 4.11. When 
equal chloride concentrations are present on both sides of excised patches, 
the current/ voltage (I/ V) relationship is linear and the currents always 
reverse at a membrane potential of 0 m V, that is when there is no chemical 
or electrical driving force for chloride diffusion across the patch (Figure 
4.l1 B). However, if a three-fold chloride concentration gradient is created 
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BLOOD 
DUCT CELL 

LUMEN 

Figure 4.10 Summary of conductance, distribution and selectivity of ion channels on rat and 
human pancreatic duct cells as determined using the patch clamp technique. Conductance data 
are taken from experiments on excised patches. The channels are: 23 pS non-selective cation"'; 
237 pS maxi-K'''; 415 pS voltage-dependent anion"; 20 pS cr, O.R. :: outward rectifier, the 
slope conductance at a membrane potential of 0 mV is given"; 5 pS cr"·41. The 5 pS cr 
channel on the apical membrane, and the 237 pS maxi-K' channel on the basolateral 
membrane are involved in electrogenic bicarbonate secretion 

across the membrane, there is a marked leftward shift on the 1/ V plot, and 
the channel currents now reverse at a membrane potential of -26 m V 
(Figure 4.11 B). This is exactly the predicted shift (calculated from the 
Nernst equation) for a channel that selects for chloride over sodium and 
potassium. Using a similar approach, it is possible to estimate that the 
channel is virtually impermeable to bicarbonate ions, ruling out the 
possibility that significant amounts of bicarbonate enter the lumen directly 
via the channel. 

As illustrated in Figure 4.12, short-term exposure of duct cells to secretin 
causes a marked increase in total current flow across cell-attached patches. 
This effect is accompanied by an increase in the number of channels that are 
open simultaneously, as can be seen from the current records themselves 
(Figure 4.12A), and from the associated current amplitude histograms 
(Figure 4.12B). We believe that this is caused by an increase in the open­
state probability of individual ion channels (Figure 4.12C), rather than an 
increase in the total number of channels in the patch. This change in open­
state probability is achieved by a large reduction in the time that the channel 
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spends in the closed state (Figure 4.12E), coupled with a slight increase in 
the open time (Figure 4.12D). Said another way, each channel opens more 
frequently and stays open for slightly longer. All these effects of secretin 
were fully reversed upon withdrawal of the hormone, but this usually took 
between eight and ten minutes (Figure 4.12A-E). Similar results were 
obtained with forskolin (a drug which activates adenyl ate cyclase) and also 
with dibutyryl cyclic AMP. Since there is ample evidence that secretin uses 
cyclic AMP as an intracellular messengerl ,4 (see Figure 4.4), physiological 
regulation of the channel is probably achieved by protein phosphorylation 
mediated by cyclic AMP-dependent ~rotein kinase. 

Recently, the characteristics of Ca +- and cyclic AMP-activated chloride 
channels on the apical membranes of a number of chloride secreting 
epithelial cells have been described48,49. Most of these channels have much 
larger conductances than the secretin-regulated channel we have identified 
on pancreatic duct cells. Two other, larger conductance, chloride channels 
are present on the duct ce1l47,50 (Figure 4.10), but neither appears to be 
hormonally regulated, and, at the moment, their functions are unknown, A 
small-conductance (1-2 pS) Ca2+ -activated anion channel has been 
identified on the chloride secreting lacrimal acinar cell by noise analysis of 
whole-cell currents51 • However, this channel has not been further character­
ized or localized to the apical membrane using single-channel recording 
techniques. 

PERSPECTIVES FOR FUTURE RESEARCH 

Now that pure pancreatic ductal tissue is available in the form of intact 
ducts or monolayer cultures of epithelial cells (see Chapter 5 by A. Harris), 
it will be possible to study the cellular physiology/biochemistry of this 
epithelium directly. In this respect, it has been known for a long time that 
pancreatic bicarbonate secretion can be stimulated, or modulated, by a 
number of hormones and neurotransmitters other than secretin 4. However, 
we have little information about receptor types present on the duct cell, so 
data from receptor bindin~ assays, and micro-assays for hormone­
stimulated adenylate cyclase , would help clarify this point. In terms of 
understanding the control of bicarbonate secretion, we also need data on 
intracellular calcium concentration and whether this is affected by secretory 
stimulants. While it is impossible to obtain this information using the intact 
gland, fluorescent probe technology can easily be applied to isolated 
pancreatic ducts30• We also know virtually nothing about the metabolism of 
pancreatic duct cells. Again, the microtechniques required for this type of 
investi~~tion have already been' developed and applied to single renal 
tubules . 

Biophysical studies on the cellular mechanism of duct cell bicarbonate 
secretion are now advancing rapidly. Perhaps the most exciting aspect of 
this work is the realization that chloride ions play a central role in 
bicarbonate transport and that a cyclic AMP-regulated chloride channel is 
present on the apical membrane of both rae 6 and human 47 pancreatic duct 
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Figure 4.11 Small conductance Cl channels on the apical membrane of rat pancreatic duct 
cells. A Single-channel currents recorded from an excised inside-out patch. Both extracellular 
(pipette), and intracellular (bath), faces of the membrane were bathed in a solution containing 
150 mmol L I chloride. the membrane potential (Vm) is indicated adjacent to the records. An 
upward deflection from the closed state (horizontal line adjacent to traces) represents outward 
current 
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Figure 4.11 B Single-channel current/voltage plots. *Data from the experiment shown in 
A; 0, same experiment after a threefold choride concentration gradient had been created 
across the patch by replacing bath chloride with sulphate. (From reference 16, with permission) 
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Figure 4.12 Regulation of small conductance Cl channels by secretin. A Single-channel 
currents in a cell-attached patch on an isolated rat pancreatic duct cell. The times indicate the 
period between either addition, or washout, of secretin and the start of each trace. Vertical scale 
indicates the number of channels open simultaneously. B Current amplitude histograms 
derived by analysis of the corresponding tracings. Horizontal scale indicates number of 
channels open simultaneously. 
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Figure 4.12 C, D and E Effects of 10 nmol L I secretin on the open-state probability (C), 
mean open time (D) and mean closed time (E) of the cr channel. Same experiment as A and B. 
Arrow 'secretin' indicates when the hormone was added to the bath (volume 1.5 ml) and arrows 
'perfusion on' and 'perfusion off when the perfusion flow (5 ml / min) was switched. Dashed 
lines indicate access to screened cage, and stars the mid-point of recordings shown in A. For 
illustrative purposes, data collected over 4.5 min towards end of experiment has been omitted. 
(From reference 16, with permission) 

93 



EPITHELIA 

cells. As in airways epithelia54,55 abnormal regulation of this channel might 
explain the reduced pancreatic bicarbonate secretion that occurs in the 
inherited disease, cystic fibrosis6- 8• Now that techniques have been 
develo[led for the growth and maintenance of human pancreatic duct cells in 
culture56,57 (see also chapter by A. Harris), it will be possible to test this 
hypothesis directly. Since the main function of ductal secretions is to flush 
digestive enzymes out of the gland, stasis, followed by activation of these 
enzymes within the ductal tree, may well initiate the pathological changes 
that occur in the pancreas of cystic fibrosis patients. 
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5 
Cultured Epithelial Cells Derived from 
Human Fetal Pancreatic Duct 

A. HARRIS 

INTRODUCTION 

The human pancreatic duct is a complex system that consists of a branching 
network of channels between the acini of the pancreas and the duodenum. 
Adjacent to acini are centroacinar cells which form the termini of intra­
lobular ducts. The smallest branches of these join to form larger intra­
lobular ducts which in turn pass out of the pancreatic lobules to form 
interlobular ducts. Interlobular ducts join to form ducts of increasing 
diameter which eventually lead into the main pancreatic duct. The pan­
creatic duct not only provides a channel for the passage of digestive enzymes 
from the acini to the duodenum, but also actively secretes bicarbonate-rich 
fluid and mucinsl.2. 

The human pancreas is one of the first organs to auto lyse postmortem 
and, as a result, the cell biology and development of this organ has received 
less attention than many others. In particular, studies on the development of 
the ductal portion of the pancreas are few. However, the pancreatic duct is 
intimately involved in several important human diseases. One of the main 
features of the autosomal recessive disease, cystic fibrosis, is pancreatic 
insufficiency caused by the replacement of acinar tissue with cystic spaces. 
This occurs due to blockage of pancreatic ducts, preventing normal passage 
of digestive enzymes from the acini to the duodenum. As a result, the 
enzymes gradually autodigest the organ. The pancreatic duct is also the site 
of the vast majority of tumours of the exocrine pancreas3,4. 

Against this background of the importance of the pancreatic duct in 
medicine, we set out to establish a culture system for human pancreatic duct 
cells to enable in vitro experimentation on components of the ductal tree. 

Previous attempts at culturing ductal epithelial from bovine, hamster, 
mouse and guinea-pig pancreas have been successfue-9• The cultured cells 
have characteristic surface microvilli and secrete mucins as they do in vivo. 
There is also one report in the literature of a short-term in vitro human 
pancreatic duct cell culture system9• 
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For two main reasons, we decided to try to culture pancreatic duct cells 
from human mid-trimester terminations, both normals and with various 
known abnormalities. First, at the beginning of the second trimester of 
pregnancy, the pancreas is made up of a simple ductal tree surrounded by 
loose interstital tissue containing largely undifferentiated cell types. Between 
12 and 14 weeks, cells from the ducts migrate into the interstitial tissue and 
start to form lobular structures. Though primitive acini may already be seen 
at this stage 10, the first mature acinar cells do not appear until around 20 
weeks of gestation and the acini do not appear to have a lumen before 24 
weeks II. It thus seemed likely that the mid-trimester pancreas would be less 
affected by postmortem autolysis than postnatal pancreas. Second, our 
research interests are centred around the basic defect in cystic fibrosis. It 
appears that the cystic fibrosis gene is already functional at 18 weeks of 
gestation since fetuses diagnosed as having CF (on the basis of amniotic 
fluid microvillar enzyme assays)12,13 often show abnormal pancreatic 
histologyl3,14. Studies on the CF pancreas later in life are further compli­
cated by the disease process. 

The pancreatic duct system is complex and it is not clear which of the 
epithelial cell types contained within it might be functionally abnormal in 
CF. However, though this system is not fully differentiated at 18 weeks, the 
population of cells expressing the CF gene defect is apparentl~ functional, 
since abnormal pancreatic histology may already be seen13,4. We have 
established a reliable tissue culture svstem for epithelial cells derived from 
'd' h f I 15',16 ml -tnmester uman eta pancreas . 

EXPERIMENTAL DETAILS 

The source of pancreases is critical to the success of establishing mid­
trimester human pancreatic epithelial cell cultures. Pancreases obtained 
within 48 h of mid-trimester prostaglandin-induced terminations or sponta­
neous abortions (either normal or with known abnormalities) have yielded 
viable cell cultures. Cultures have been established from both normal fetuses 
and those with cystic fibrosis (CF having been diagnosed on the basis of 
amniotic fluid microvillar enzyme and alkaline phosphatase activities) 12, 13. 

However, it is essential that the termination procedure does not involve urea 
in any form, administered by any route, since this renders all pancreatic cells 
non-viable, Pancreases obtained from fetuses terminated following a 
diagnosis of CF by DNA-based tests in the first trimester have not yielded 
ductal epithelial cells. We believe that, prior to about 12 weeks gestation, 
these cells have not yet developed within the pancreas and so cell cultures 
are predominantly fibroblastic. 

The pancreas, still attached to the duodenum, is removed from the fetus 
and washed in tissue culture medium containing antibiotics, Mesentery 
around the pancreas is trimmed away and then 1-2 ml of collagenase 
(Sigma type IA at 0.5 mg/ ml) injected into the organ. When visible, the 
main duct is microdissected from the inflated pancreas. In early mid­
trimester pancreases, where the main duct cannot be clearly distinguished, 
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the whole pancreas is set up in culture, following physical and enzymatic 
disruption. The cell types that grow from the main duct alone or from the 
whole pancreas at this age are indistinguishable. In other words, the 
majority of viable cells within the pancreas are clearly of ductal epithelial 
origin in early mid-trimester organs. 

Microdissected tissue is washed in tissue culture medium, cut into pieces 
of about I ~2 mm diameter and plated out in CMRL 1066 medium 
containing 20% fetal calf serum (FCS) (Gibco UK); penicillin (100 iu/ ml); 
streptomycin (100 Ilg/ml); L-glutamine (4 mmol L-'); insulin (0.2 iu/ml); 
cholera toxin (10- 10 mol L-') and hydrocortisone (I Ilg/ml), all from Sigma. 
Cultures are routinely maintained at 37°C in a saturated 5% CO2 incubator. 
Various cell types are seen migrating from the primary explants after 3 to 10 
days. 

Cell types 

Two main epithelial cell types grow out of primary pancreatic explants and 
are maintained in subsequent passages as illustrated in Figure 5.1: small 
tightly packed cells and larger streaming cells. The cultures usually form 
characteristic structures in vitro (Figure 5.1 A) with areas of the smaller cells 
separated by the large streaming cells which, though they often look 
fibroblastic, in fact express epithelial cell cytokeratin markers, such as those 
detected by the monoclonal antibody LE61. (These markers will be 
discussed further below.) The smaller cell type appears first in culture and 
seems to be a precursor population that differentiates into the larger cell 
type after a variable period of time in culture. There is no apparent 
morphological difference between ductal epithelial cells from CF and 
normal pancreases (Figures 5.1B and C). 

Culture media and substrates 

The growth characteristics of the pancreatic epithelial cell colonies have 
been monitored in a variety of tissue culture media (see Table 5.1) and on 
several different culture substrates (see Table 5.2). Tissue culture plastics 
used were as follows: multiwells from Nunclon, Gibco; flasks from Sterilin 
and Falcon, Becton Dickinson; and Primaria flasks from Falcon, Becton 
Dickinson. 

As is shown in Table 5.1, CMRL 1066 with 20% FCS, insulin (0.2 iu/ ml, 
cholera toxin (10 10 mol L-') and hydrocortisone (l Ilg/ ml) was the best 
culture medium. Primaria tissue culture flasks or collagen-coated glass or 
plastic were the most efficient substrates (Table 5.2). 

Fibroblast contamination of epithelial cell cultures frequently occurs in 
both primary cultures and in subsequent passages. The most successful 
method of eliminating fibroblasts in our hands is physical removal with a 
rubber policeman. It is essential to remove fibroblasts as soon as they 
appear in culture (usually at the periphery of epithelial cell colonies), since, 
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Figure 5.1 Light microscopy of normal (A and B) and CF (C) pancreatic epithelial cell types 
in culture. Panel A shows the 2 main cell types and their spatial arrangement (x 100). Panels B 
and C show the small tightly packed cells only (x 425) 
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Table 5.1 Tissue culture medium 

Medium Epithelial Fibroblast 

CMRL 1066 (Gibco) + 20% FCS with 
supplements* 
CMRL 1066 + 20% FCS 
Ham's FlO (Gibco) + 20% FCS 
Dulbecco's MEM (Gibco) + 20% FCS 
RPMI 1640 (Flow) + 20% FCS 
MCDBt - no FCS; no supplements 

Cell Growth 
Growth 

++++ 

++ 

+ 
+ 
+ 

++ 

++ 

+++ 

+++ 

+++ 

++ 

*Insulin (0.2 iu! ml), cholera toxin (10 '0 mol L '), 
hydrocortisone (1 J.lg/ ml) 
tHammond et al., 1984, PNAS 81, 5435-5439 

Table 5.2 Culture substrates 

Primary Explants Passaged col-

Plastic multi wells or plastic flasks 
Primaria 
Collagen-coated* plastic multiwells 
Collagen-coated* glass coverslips 
Glass covers lips 
Feeders-Iayerst - (pancreas-derived fibroblasts 
or NIH 3T3 cells) 

+ 
+++ 

++ 

++ 

onies 

+++ 

+++ 

+++ 

+ 

+/-

* Collagen (Sigma type IV - human placenta) at I mg/ ml in I: 1000 glacial acetic acid: 
water, placed on culture substrate and dried at 37° C for 16 h 
tTreated with mitomycin C (4 J.lg/ ml) for 2 h 

once they have become integrated into epithelial colonies, they rapidly 
overgrow the latter and are impossible to remove. 

Passaging of epithelial cell colonies has been achieved by treating the 
latter with dispase, a neutral protease (Boehringer, Mannheim) at 2 iu! mrl 
in CMRL 1066 medium for 15-40 min at 37°C. Passaging has not been 
successful with routine methods utilising trypsin and EDT A. Cell colonies 
survive passaging if they remain partially intact (for example by physical 
division into smaller colonies) but not if they are disrupted into single cells 
or clumps of very small numbers of cells. Cells survive up to five successive 
passages before reaching terminal crisis and they show no alterations in 
morphology during this period, which may be up to about 20 weeks in vitro. 

Morphological characteristics of cells 

The pancreas-derived epithelial cells when analysed by electron microscopy 
(Figure 5.2) show characteristic features of simple epithelial cells. They have 
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Figure 5.2 Electron microscopy of pancreatic epithelial cells. A Cytokeratin intermediate 
filaments and desmosomal plaques (x 48 000). B Surface microvilli on epithelial cells (x 16500) 

extensive cytokeratin intermediate filaments (Figure 5.2A) with associated 
desmosomal plaques and tight junctions (Figure S.2C). Further, they have 
surface microvilli (Figure S.2B), numerous large mitochondria (Figure 2C 
and D) and abundant mucin-filled secretory vacuoles (Figure S.2E). Alcian 
Blue-periodic acid-Schiff staining of the epithelial cells suggests that the 
bulk of these vacuoles contain neutral mucins. 

Biochemical characteristics of the cells 

An extensive characterization of the epithelial cells has been carried out by 
immunocytochemical procedures. Furthermore, sections from intact 17 to 
19-week-old pancreases have been analysed simultaneously, with the same 
markers, to confirm the origin of the cultured cells. 

Cytokeratins 

Expression of cytokeratins, 8, 18 and 19 has been investigated usmg 
anticytokeratin 8, LE61 17 and anticytokeratin 19 respectively. In adult 
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Figure 5.2e Interdigitated cells showing tight junctions and abundant mitochondria (x 4800). 
D Elongated mitochondria (x 7650). E Secretory vacuoles (x 4800) 
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pancreas, aCllll express predominantly cytokeratins 8 and 18, while the 
ductal tree also contains cytokeratins 7 and 19. Both the small tight-packed 
cells and the larger streaming cells in our cultures express cytokeratins 18,8 
and 19 (Figure 5.3A,B and C respectively). Cytokeratin production remains 
stable from 2.5 weeks after the cultures are established to at least 10 weeks 
(the earliest and latest dates at which cytokeratin production has been 
analysed). In sections through 19-week fetal pancreas, expression of 
cytokeratin 18 (Figure 5.4A), cytokeratin 8 (Figure 5.4B) and cytokeratin 19 
(Figure 5.4C) is seen to be mainly localized in ductal epithelium. Particu­
larly strong expression of cytokeratin 18 (as detected by LE61) and 
cytokeratin 19 in the epithelium of the main pancreatic duct and nearby 
smaller ducts gives support to a ductal origin for the cells we are culturing. It 
is unclear why cytokeratin 8 is expressed in a much higher level in the 
cultured cells than in intact fetal pancreas. The expression of cytokeratins in 
vitro is known to be affected by culture conditions. However, the stability of 
cytokeratin expression in our cells during at least 10 weeks in culture 
suggests that in vitro modulation of phenotype is not playing an important 
role in our results. 

Mucins 

It has already been mentioned that the ductal epithelial cells we are culturing 
are rich in neutral mucins. Studies of mucin production have been monitored 
further using monoclonal antibodies specific for particular mucins. Three 
different mucins that are detected by the monoclonal antibodies, Ca2 (or 

18,19 20,21 22 
HMFG2) ,DU-PAN-2 * and 19-9 ,have been analysed. 

The smaller epithelial cells in the cultures express low levels of the 
antigen detected by Ca2 (Figure 5.5A) and HMFG2 (Figure 5.5B). How­
ever, differentiation of these cells into the streaming cell types that separate 
the smaller epithelial cell colonies is accompanied by a dramatic increase in 
production of this mucous glycoprotein. Since the antigen detected br Ca2 
and HMFG2 is known to be expressed on certain ductal epithelia2 , this 
observation lends further support for the suggestion that the tightly packed 
cells are indeed precursors of fully differentiated ductal epithelial cells, The 
streaming cell types may correspond more closely to the latter. 

In sections through 19-week fetal pancreas, only cells lining the main 
pancreatic duct are seen to produce the mucous glycoprotein detected by 
Ca2 and HMFG2 (Figure 5,5D), These data provide additional evidence 
that the cultured epithelial cells are ductal in origin, 

The pancreatic ducts are known to become blocked with inspissated 
mucous secretions in CF. Since the mucous glycoprotein detected by Ca2 
and HMFG2 is secreted from the epithelial cells expressing it, we compared 
the levels of this antigen produced by CF and normal duct epithelial cells. 
The CF gene is known to be expressed by 18 weeks gestation l4 , so this 
comparison could be informative. We saw considerable variation in the 
amount of this mucous glycoprotein present in different cultures (as 

*There is now evidence that the Ca2 and DU-PAN-2 antibodies recognize the same mucin, 
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3A 

3C 

O·2mm 

02mm 
l----.I 

Figure 5.3 Immunocytochemistry of pancreatic epithelial cells. A Immunoperoxidase­
conjugated LE61. x 390 B Immunoperoxidase-conjugated anti-cytokeratin 8. x 390. 
C Immunoperoxidase-conjugated anti-cytokeratin 19. x 390 
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Figure 5.4 Immunocytochemistry of sections through 19-week fetal pancreas. A Immuno­
peroxidase-conjugated LE61. x 80. B Immunoperoxidase-conjugated cytokeratin 8. x 80. 
C Immunoperoxidase-conjugated cytokeratin 19. x 80. D Immunoperoxidase-conjugated 
DU-PAN-2. x 80 
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Figure 5.5 Immunocytochemistry of pancreatic epithelial cells (A, Band C) and sections 
through 19-week-old fetal pancreas (D and E). A Immunoperoxidase-conjugated Ca2. x 160. 
B Immunoperoxidase-conjugated HMFG2. x 160. C Immunoperoxidase conjugated DU­
PAN-2. x 160. D Immunoperoxidase-conjugated HMFG2. x 160. E Background staining 
with second antibody only. x 160 
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measured on a gross level by immunocytochemistry). This variation was 
dependent on both the length of time in culture and on the particular 
pancreas from which a culture was derived; however, there were no 
consistent differences between CF and normal cells. It is possible that this 
lack of discrimination between CF and normal cells is due to the molecule 
that is detected by Ca2 and HMFG2 being only a minor species of mucin in 
the cells we are culturing; hence, it may not reflect alterations in levels of 
more abundant mucins produced by CF and normal duct epithelial cells. 
However, it is more probable that mucus inspissation may only be a 
problem encountered within the restricted micro-environment of the pan­
creatic duct in vivo. This could perhaps be due to abnormal ion movements 
across the duct epithelium or be a secondary reaction to deposits of other 
secretions in the duct lumen. 

Two other mucin antigens, DU-PAN-2* that is associated with human 
pancreatic adenocarcinoma and 19-9 that is associated with human gastro­
intestinal and pancreatic cancer, have also been studied. DU-PAN-2 is 
expressed at about the same level by both epithelial cell types in culture 
(Figure 5.5C), though there is wide variation in the amounts of this mucin in 
individual cells. 19-9 shows a similar pattern of expression (data not shown). 
In sections through 19-week fetal pancreas, high levels of DU-PAN-2 
expression are seen in the epithelial cells lining the main pancreatic duct 
(Figure 5.3D), while no other cells are seen to express signficant levels of 
this antigen. 

IMMORTALIZATION OF PANCREATIC DUCT EPITHELIAL CELLS 

One major drawback to our pancreatic duct epithelial cell culture system 
has been the relatively small numbers of cells that can be cultured from an 
individual fetal organ (about 5 x 105 to 1 x 106 cells). This has, to some 
extent, limited the types of experiment that can be carried out on them. 
Clearly this problem might be circumvented if long-term 'immortalized' cell 
lines could be established from the primary cultures, so long as they 
maintained the fully differentiated functions of the latter. Establishment of 
pancreatic duct epithelial cell lines would also relax the need for a constant 
source of fetal tissue. 

A considerable amount of time and effort has gone into trying to achieve 
this aim; however, to date we do not have useful long-term pancreatic duct 
epithelial cell lines. An outline of the 'immortalization' protocols we have 
employed is shown in Table 5.3. 

An initial problem encountered in the immortalization experiments was 
lack of success in inserting foreign DNA into the ductal epithelial cells. 
Protocols employed depended on either infection by intact viruses or 
transfection of foreign DNA in the form of a calcium phospate precipitate, 
which may be ingested by the cells24 • This problem is likely to have been 
caused by the epithelial cell monolayer secreting and being covered by a 
thick layer of mucins. Infectious viral particles and foreign DNA entrapped 

'See footnote on p. 106. 
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Table 5.3 Immortalization experiments 

Immortalizing Method of intro-
vector / virus duction into cells 

SV40 Infection 
SV40 Infection 

pX-8* Transfection** 

EIAt Transfection 

pX-8+EIA Transfection 

ts SV40 Retrovirus Infection 

*pX-8: origin defective mutant of SV40" 
**Transfection protocol" 

Presence of vector. 
viral DNA or viral 
proteins in cells Outcome 

NO Fibroblast overgrowth 
N.D. 

YES Altered morphology I 
growth crisis 

N.D. Fibroblast overgrowth 

N.D. Normal lifespan 

In progress 

tElA (adenovirus early antigen IA) 0-4.5 map units of adenovirus 2 in Pst site of pBR322 
N.D. = not done 
ts = temperature sensitive 

in calcium phosphate precipitates were unable to cross this layer of mucins. 
This problem was overcome by growing the cells in a relatively simple cell 
culture medium (McCoy's), containing few nutrients, for 48 h prior to 
transfection or infection. The ductal epithelial cells normally grow in a 
much richer culture medium (CMRL 1066) containing many supplements 
and do not survive long in simple media; hence it is likely that they shut 
down productive mucous secretion in McCoy's and a thorough washing of 
the cells prior to transfection stripped off sufficient amounts of the surface 
mucus to enable the foreign DNA or virus particules to come into contact 
with at least parts of the cell membrane (and hence enter the cell). In at least 
one experimental series (see Table 5.3), SV 40 transfection resulted in 
transformed epithelial cells. These cells persistently formed mounds above 
the monolayer and eventually budded off into the culture media as balls of 
cells. We have evidence from dot blot analysis of DNA extracted from 
transformed cells, followed by probing with SV40 DNA, that the trans­
fected vector, pX-8 (SV40 without an origin of replication)25, did enter the 
ductal epithelial cells and hence was probably responsible for their changed 
morphology and growth characteristics. However, this cell line grew in a 
manner not suitable for long-term culture or useful for analysis (see Figure 
5.6) and, further did not pass through crisis. We would speculate that the 
lack of success in immortalizing our pancreatic duct epithelial cells may be 
accounted for by two main problems. First, the numbers of cells being 
transfected is too low, given that the efficiency of transforming vectors is 
often low. Second, our epithelial cultures sometimes suffer from fibroblast 
contamination after prolonged periods in culture, such as those necessary 
for immortalization experiments. As a result, potentially immortalized 
epithelial cells are then competing for survival in culture with much more 
rapidly growing fibroblasts, a competition they are unlikely to win. 
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Figure 5.6 Section through pX-8-transformed pancreatic epithelial cells. x 80. 

ELECTROPHYSIOLOGICAL ANALYSIS OF HUMAN FETAL PANCREATIC 
DUCT EPITHELIAL CELLS 

The cells in this culture system are clearly an ideal model in which to study 
aspects of the electrophysiology of the human pancreatic duct epithelium. 
However, this is beyond the scope of this chapter and data are covered well 

26 by Gray et al. . 

MOLECULAR ANALYSIS OF CELL FUNCTION 

One of the major applications of a culture system for pancreatic duct 
epithelial cells is the ability to undertake a detailed analysis of specialized 
cell function at a molecular level. It enables us to ask specific questions 
about what genes are switched on and contribute to the particular properties 
of these specialized epithelial cells (for example genes involved in ion 
transport systems and mucus secretion). Comparatively little is known 
about the molecular biology of ductal epithelia in vivo. Culture systems 
such as the one we have described should make a substantial contribution to 
their understanding. 

Isolation of good-quality intact (full-length) messenger RNA directly 
from whole fetal pancreas has been relatively unsuccessful. This is likely to 
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be due to degradation processes that commence immediately postmortem 
following release of degradative enzymes. Furthermore, RNA made from 
whole pancreas clearly contains a large number of messages produced by 
cells other than those in the ductal epithelium. However, we have repeatedly 
obtained good-quality messenger RNA from cultured ductal epithelial cells. 
Essentially, the methods used are based on those of Chirgwin et al. 27 though 
procedures have been scaled down to optimize the yield of full-length 
mRNA from small quantities of material. 

The epithelial cell monolayer is removed from the substrate with dispase 
(as for passaging" washed in PBS and lysed immediately by resuspension in 
2.0 ml 4 mol L guanidinium thiocyanate. A homogeneous mixture is 
made by pipetting through a wide-bore glass pipette, and this is then layered 
on top of a 1.6 ml caesium chloride cushion (56% in 0.1 mol LI EDT A) in 
Beckmann SW56 polyallomer tubes. Centrifugation at 30000 rpm, 22°C 
for 18 h results in a clean RNA pellet at the bottom of the tube. 

This RNA has been used to construct cDNA libraries from normal and 
CF pancreatic duct epithelial cells. These libraries are being screened by a 
variety of approaches to isolate messages which code for proteins that are 
important in pancreatic duct epithelial cell function. 

FUTURE DEVELOPMENTS AND APPLICATIONS 

It is likely that the studies outlined above will throw substantial light on the 
functioning of the pancreatic duct epithelium, both at electrophysiological 
and molecular levels. It will also be an important key in understanding the 
physiological effects of the CF gene defect. 

With the recent cloning of the CF gene28,29,30, a new chapter in CF research 
has begun. We now have the tool with which to start asking important 
biological questions as to how a change in amino acid sequence in the CF 
gene product, the cystic fibrosis transmembrane conductance regulator 
(CFTR) protein, causes epithelial cell dysfunction in CF. Not only can the 
CF defect be measured phenotypically as an electro physiological defect, but 
now can also be measured in terms of gene activity. Already, levels of CF 
gene message can be monitored, and, as soon as a monoclonal antibody is 
generated against the CFTR protein, this too can be monitored. 

The pancreatic duct epithelial cell culture system will provide one of the 
basic resources in which to elucidate the role of the CF gene product. 
Analysis of the ductal epithelia from the pancreas, sweat gland and 
respiratory system will provide important information on regulation of the 
CF gene. In the longer term, these specialized epithelial cell culture systems 
will enable attempts at gene therapy; in other words, correction of the CF 
gene defect. We already know how to get foreign DNA into cultured 
pancreatic duct cells (see above). It remains to be seen whether insertion of a 
normal CF gene counterpart (in a vector where it is accompanied by the 
appropriate regulatory signals) could correct a mutant CF gene in vitro in 
the same cell. It is also uncertain whether it will ever be practical to attempt 
to apply this to the in vivo situation. 
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Section III 
KIDNEY 



Introduction 

The renal section of the book contains three chapters, the first of which by 
Malcolm Hunter deals with the major transport and electrophysiological 
properties of the three nephron segments, proximal, diluting and distal, and 
reviews the literature on ion channels in these epithelia. After describing the 
principles of the patch-clamp technique, Dr Hunter presents a cell model for 
each transporting segment and details the principal ion channels in the 
apical and basolateral membranes. Of particular interest is the 
multibarrelled potassium channel found in the apical membrane of the 
amphibian diluting segment. This consists of four parallel equiconductive 
channels which, in addition to being independently gated, are also 
controlled by a main gate, exposing or occluding all of the channels in 
unison. Some of the latest observations on this and other ion channels are 
presented. 

The remaining two chapters by Marshall Montrose and Nicholas 
Simmons examine the contribution of established renal (and intestinal) 
epithelial cell lines to our understanding of cell function in the native 
epithelia. 

Dr Montrose considers the approach which should be applied to justify 
the use of a cultured cell line as a model for a specific epithelial function and 
he assesses the contribution of established renal and intestinal epithelial cell 
lines to the study of transport physiology. The chapter contains a compila­
tion of the principal epithelial cell lines, and sub-clones where appropriate, 
their tissue of origin, expressed membrane enzymes and transport functions. 
The application of some of the cell lines to the study of cellular ion 
homoeostasis, hormonal regulation of transport, the isolation of transport 
proteins and the understanding of certain disease mechanisms are described. 
There is an extensive bibliography. 

Dr Simmons addresses the hormonal responsiveness of Strain 1 and 
Strain 2 MDCK cells and their clonal lines. The action of VIP on 
transepithelial ion transport and, particularly anion secretion via a cyclic 
AMP-mediated mechanism, is discussed. The results of comparative studies 
with plasma membranes isolated from canine renal cortex and with isolated 
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segments of renal tubules are consistent with the notion of a VIP receptor 
capable of interacting either directly or indirectly with adenylate cyclase. 
Many questions remain concerning the physiological role of VIP in different 
segments of the renal tubular epithelium but studies with MDCK cell lines 
have prompted useful avenues of enquiry. 

As part of his chapter in the gastrointestinal section of the book, Dr Hirst 
compares the proton permeability of renal cell membranes with those of 
parietal, duodenal and jejunal epithelial cells and considers the barrier 
properties of MDCK cells in relation to two human intestinal epithelial cell 
lines, HCT-8 and T84. 
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6 
Electrophysiology of the Nephron: New 
Insights gained from the Patch-clamp 
Technique 

M. HUNTER 

INTRODUCTION 

The prime function of renal epithelia is the transport of solutes either into or 
out of the tubular fluid; in this way, the major ions present in the filtered 
load are selectively reabsorbed (as in the case of sodium and bicarbonate) or 
secreted (e.g. potassium) depending upon the needs of the bodl As far as 
the transport of ions is concerned, it is thought that the majority of the 
transepithelial flux passes through (transcellular) rather than between 
(paracellular) the tubule cells. It is obvious, however, for those ions which 
undergo transcellular transport, that they must traverse both the apical and 
basolateral membranes. 

Ions may cross the cell membranes by a number of mechanisms, including 
cotransport with other ions or organic molecules, countertransport with 
other ions, simple or carrier-mediated diffusion or active transpor{ The 
ions which are present in solution are not naked but are surrounded by 
water ions held in place by electrostatic attraction, forming a hydrated ion 
which is much larger than one would predict from the atomic mass. This 
makes simple ionic diffusion through the membrane highly improbable 
since the energy cost in stripping the water molecules from the ion, so that it 
would be able to pass through the hydrophobic interior of the membrane, is 
enormous. Instead, ions pass through the membrane at very little energy 
cost by diffusing through water-filled pores or channels which span the 
membrane2.3. Channels offer a number of advantages over simple diffusion 
and other transport mechanisms: 

(I) Channels are usually highly selective for a particular ionic species; 
indeed, channels are generally classified by the ion which normally 
permeates them, e.g. potassium or sodium channels, thus allowing 
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selective transport of an individual ion species across a membrane or 
epithelium. 

(2) They are not always open but can be closed by one or more 'gates' 
which are thought to be integral parts of the protein structure 
forming the channel and act either to stop or allow ions to flow 
through the channel. As a general rule, the probability of the gates 
being open or closed is controlled by some factor, e.g. membrane 
potential or intracellular calcium activity. Thus, channels can be 
regulated, allowing for the controlled flow of ions across the 
membrane or epithelium. 

(3) Very large fluxes of ions may be accomplished in short periods of 
time. The measured and predicted flux per unit time through a 
channel is several orders of magnitude greater than that mediated by 
a carrier transport protein. 

However, it must be stressed that ion flow through a channel can only 
proceed down an electrochemical gradient which must have been estab­
lished by another active or secondary-active transport process. 

Prior to the introduction of the patch clamp technique in the first part of 
this decade4, the main evidence that channels could be responsible for at 
least some of the transmembrane movement of ions in the kidney was that 
chemicals that inhibited Na+ (amiloride) and K+ (barium) channels in tight 
epithelia caused predictable changes in the trans-tubular fluxes or intra­
cellular activities of ions in the kidney. Unfortunately, the tubular 
structures of the nephron do not lend themselves readily to noise analysis 
techniques, since it is very difficult to obtain adequate voltage- or current­
clamps in these tissues, and hence these types of data are not available for 
renal tubules. In 1984, the results of the first renal patch clamp experiments 
were reported, in which single tubules were dissected free from kidneys and 
apical membranes exposed by tearing the tubule, and channels were 
identified in the apical membranes of the proximal and distal tubules57 . 

Since that time, a number of other experimental approaches have been 
used. Investigation of channels in the basolateral membrane has been 
carried out following removal of the basement membrane, either by 
manual dissection or enzymatic digestion5,8,9. In addition, single-cell pre­
parations have proved useful lO - the main drawback of this technique being 
that potentially harmful enzymes are commonly used in the isolation 
procedure, 

The patch clamp technique allows one to examine single channel and 
cellular conductances in a number of different ways. Figure 6, I shows the 
configurations that have been used in the study of renal epithelia. In the first 
instance, a high-resistance (GQ) seal is formed between the pipette and a 
small patch of cell membrane, Single-channel activity can now be observed 
in the cell-attached mode. If the pipette is withdrawn from the cell, and the 
cell is firmly fixed to the bottom of the chamber, the patch of membrane 
contained within the tip of the pipette becomes detached from the cell, 
forming an inside-out patch. The inside-out patch has its cytosolic (inside) 
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Cell-attached 

Withdrew pipette / \ Suction 

Inside-out Whole-cell 

Figure 6.1 Diagram of patch-configurations used in study of conductances of renal epithelia 
(adapted from references 3 and 4). See text for details 

surface facing the bath solution (outwith the pipette) and possible cytosolic 
regulators of channel function can be assessed by addition to the bath 
solution. If, instead of withdrawing the pipette, suction is applied to the 
back of the pipette, the patch of membrane ruptures and the whole-cell 
configuration is obtained. In this case, the pipette comes into direct contact 
with the cell interior and dialysed with the pipette solution; the cell can be 
either voltage- or current-clamped. This dialysis of the cell with the pipette 
solution offers both dis- and advantages. The major disadvantage is that 
diffusible cytosolic regulators of channel activity may be lost. This is offset 
by the major advantages that the ionic composition of the internal cytosolic 
solution can be determined and even large macromolecules can be 
introduced into the cell through the wide (> 111m) pipette tip. 

In this chapter, I will describe the major transport and electrophysio­
logical properties of the three nephron segments, proximal, diluting and 
distal, and review the literature concerning channels in these epithelia. 
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PROXIMAL TUBULE 

Cell model 

The role of the proximal tubule is to selectively reabsorb the bulk of the 
solutes delivered to it via the glomerulus II. The driving force for this 
reabsorption is provided for by the ubiquitous Na+, K+-ATPase which is 
situated on the basolateral membrane of the cells (Figure 6.2). This pump 
acts to maintain a low intracellular sodium activity that provides the 
electrochemical gradient (or chemical in the case of electroneutral transport 
mechanisms) necessary for the uptake of sodium into the cell. This sodium 
entry may be via a channel, or via co-transport (e.g. together with amino 
acids or sugars) or countertransport (e.g. Na+ I H+ exchange). Sodium ions 
are then pumped out of the cell by the Na+, K+-ATPase in exchange for 
potassium. Potassium is maintained above electrochemical equilibrium 
within the cell and may exit either by the apical or basolateral potassium 
conductance. The basolateral potassium conductance is much larger than 
that of the apical membrane and thus most of the potassium exits across the 
basolateral membrane, only to be transported back into the cell by the Na+, 
K+-ATPase. Thus potassium is said to 'recycle' across the basolateral 
membrane. It is this basolateral potassium conductance that is largely 
responsible for the negative potential of the proximal tubule cells. In 
addition to the basolateral potassium conductance, there is also an electro­
genic Na+ I HC03 co-transporter (which carries net charge, having a stoi­
chiometry of I NA+ and 3 HC03- ions per cycle) which may account for a 
considerable amount of the current carried across the basolateral mem­
brane, although the relative magnitude of these two conductive r:athways 
varies. a~onA the l~ngt~ of the proxi~al tubul.e in both the mammal 2 and the 
amphibian·. This aXial heterogeneity apphes not only to the basolateral 
membrane but also to the transporters of the apical membrane. However, 
when we talk about heterogeneity within the proximal tubule, it is supposed 
that it is the relative proportion of the various conductances and 
transporters that are expressed in the cell membrane that vary with distance 
along the tubule, rather than there being different cell types present. 

Apical channels 

In the mammal, both potassium5 and sodium l4 selective channels have been 
discovered, whereas in the amphibian only K+ channels have been des­
cribed8. 

The potassium channel of the apical membrane of Necturus (amphibian) 
proximal tubule has a large conductance (60 pS), is highly selective for K+ 
over Na+, is inhibited by barium when applied to the cytoplasmic face of 
excised patches and is voltage-sensitive, such that depolarizing potentials 
cause an increase in open probability8 (the proportion of time that the 
channel spends in the open state; Figure 6.3). These properties are typical of 
calcium-activated potassium channels which are acutely sensitive to changes 
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Figure 6.2 Model of dominant conductances and transport processes in proximal cells. 
Broken lines indicate conductance. The sodium movement from the lumen into the cell 
indicated by the large arrow encompasses all sodium movements other than through the 
conductance. See text for details 

in the intracellular calcium activity'5. In our studies, the probability of 
finding these channels was very low «0.01) and we were unable to test 
whether the channels were sensitive to changes in the intracellular calcium 
activity, although it should be appreciated that there was a very large 
increase in open probability following excision of the channels from the cell 
into the bathing solution which contained I mmol L- ' calcium. Given the 
above facts, we fully expect the channel to be sensitive to changes in the 
cytoplasmic calcium concentration but this point is not yet proven. 

In the rabbit, the apical potassium channel has a smaller conductance of 
33 pS and can also be blocked by barium5. However, the kinetic appearance 
of the channel is dissimilar to that of the amphibian and so is presumably a 
different channel type (Figure 6.3). Additionally, the channel shows a slight 
inward rectification, i.e. inward current is conducted more easily than 
outward current, with the slope conductance decreasing as the reversal 
potential of the channel is approached '6. 

The physiological role of the potassium channels is still uncertain. The 
proximal tubule is a site of net K+ absorption, not secretion; thus, we must 
look to other roles for the apical K+ channels. They may be involved in the 
K+-efflux necessary for the volume-regulatory decrease response seen in 
proximal tubules or they may be important in the repolarization of the 
apical membrane following the sustained stimulation of transport by 
luminally applied sllbstrates. 

Sodium channels were found on the apical membrane of late proximal 
tubules of the rabbit '4. The channels have a small conductance of 12 pS and 
a selectivity coefficient of 19: 1 (Na+:K). Like the sodium channel of tight 
epithelia, it was reversibly inhibited by the diuretic amiloride. The apparent 
Kd of the channel is in the range of 10-4 mol L -I, which is similar to that for 
the Na+ / H+ exchanger isolated from the apical membrane of mammalian 
proximal tubule cells '7 , and markedly different from the Kd of around 
10-7 mol L-1 for sodium channels from tight epithelia'9• As with most 
channel blockers, amiloride was seen to inhibit the channel by reducing the 
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Figure 6.3 Single-channel currents of apical potassium channels from Necturus" (top) and 
rabbit" (bottom) proximal tubule. Potentials (m V) at which the excised patches were voltage 
clamped are shown at right of each trace. Arrows indicate the closed channel currents, openings 
are downwards in all of these traces. (Reproduced with kind permission of the American 
Physiological Society and Cambridge University Press) 

amount of time that the channel remained in the open state, presumably by 
binding to the open channel. The channel is insensitive to changes in the 
cytoplasmic calcium concentration '6 . These channels are thought to make 
only a minor contribution to the total sodium absorption in this segmene4 • 

Basolateral channels 

Ail of the channels so far described have been selective for potassium or 
catidl1S, as was expected from the conductive properties of the epithelium. 

In the amphibian, two distinct K+ channels have been described, one of 
which has a short open time «1 ms) and whose open probability is 
increased by stretching the cell membrane l9- 21 and the other of which has a 
longer mean open time of 58 ms at the resting membrane potential8• 

The K+ channel with the longer open8 time has a selectivity coefficient of 
around 10: 1 (K:Na+). The conductance of the channel was found to be 
dependent on the potassium concentration of the fluid bathing the channel, 
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Figure 6.4 Activation of stretch-activated channels in frog proximal tubule cells by the 
application of suction for the duration of the bar". Figures at right indicate the number of open 
channels. (Reproduced with kind permission of the Journal of Physiology) 

showing saturation as the potassium concentration was increased. With 
100 mmol L-1 K+ in the pipette, the conductance was 31 pS. This indicates 
that there is a binding site for K+ within the channel and that the rate of 
binding or unbinding to this site can become rate limiting to the transloca­
tion of ions across the membrane. The channel is sensitive to the membrane 
potential, with hyperpolarizing potentials causing an increase in open 
probability. Kinetic analysis of the channel events showed that this increase 
in open probability resulted from a decrease in the time that the channel 
spent in the closed state, with no change on open time; i.e. the rate constant 
for leaving the closed state was increased upon hyperpolarization. The 
channel was also markedly inhibited by the application of barium to the 
extracellular face of the channel; this blockade was found to be both 
concentration- and voltage-dependent such that increasing the driving force 
favouring Ba2+ entry into the channel caused a greater degree of block. 
Barium reduced the mean open time of the channel without affecting the 
single-channel conductance, showing that barium blocks the open channel. 

The stretch-activated channel is similarly sensitive to voltage, with 
hyperpolarization causing an increase in open probabilityl9. The channel 
has a conductance of 47 pS in cell-attached patches and a selectivity ratio of 
12:1 (K:Na\ It may be activated by the application of negative pressure to 
the rear of the patch pipette or by osmotic swelling of the cells21 (H. Sackin, 
personal communication). This phenomenon can be seen in Figure 6.4. The 
channel open probability in the absence of an applied stretch is minimal but 
increases with both suction and osmotic swelling. 

It is still a matter of debate as to which of these channels is responsible for 
the K+ conductance of the basolateral membrane of the amphibian proximal 
tubule since one can account for the conductance with either of them alone. 
At the moment, it would be prudent to assume that they both contribute to 
the potassium conductance of the basolateral membrane, but that the 
contribution of each might be expected to vary at least during changes in 
cell volume. Both of the channels show the voltage dependence exhibited by 
the membrane in the intact tubule, where depolarization causes a decrease in 
the membrane conductance22 . However, this voltage dependence cannot 
account for the delayed repolarization seen followin~ the readmission of 
phenylalanine to the luminal fluid of perfused tubules 2. 
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Two types of channel have been described in the basolateral membrane of 
the rabbit: a K_channel '6,23 and a non-selective cation (CANS) channel 
which is selective for cations over anions but which does not discriminate 
between sodium and potassium24 • The K+ channel has a conductance of 
around 50 pS in the presence of saturating concentrations of K, but this 
conductance is reduced to around lO pS under physiological conditions (i.e. 
at the resting membrane potential and with low K+ concentrations). Both 
inward and outward currents have been recorded from this channel; in cell­
attached patches with a high potassium concentration in the pipette 
solution, the channel demonstrates inward rectification, i.e. current flows 
more easily into than out of the cell. However, with physiological concentra­
tions of K bathing the extracellular face of the channel, the conductance is 
nearly ohmic (linear) since the inward rectification offsets the smaller 
inward currents expected from Goldman rectification*. The channel is 
sensitive to potential, but, in this case, the open probability increases with 
depolarization, exactly the opposite to those of the amphibian. However, in 
the isolated perfused rabbit tubule the voltage dependence of the basolateral 
potassium conductance is the same as that in the amphibian, i.e. during 
depolarization the potassium conductance decreases (Dr J. S. Beck, per­
sonal communication), The channels are highly selective for Botassium over 
sodium with a selectivity ratio in the order of 16: 1 (K:Na+) . The channel 
events occur in bursts with rapid flickering closed events during the open 
periods. Kinetic analysis of the open and closed time distributions show that 

1624 there are one open state of the channel and two closed states ' . 
Many previous experimenters had postulated that calcium may modulate 

the basolateral potassium conductance. Using excised, inside-out patches, 
varying the bath (cytosolic) calcium concentration over a range larger than that 
expected to be encountered physiologically had no effect on channel open 
probability'6. Furthermore, addition of the calcium ionophore A23187 to the 
bath solution did not affect the open probability of channels in the cell­
attached mode '6. 

The CANS (non-selective cation) channel of the rabbit basolateral mem­
brane has a conductance of some 25 pS in the cell-attached mode. In the cell­
attached condition with no potential applied to the pipette, the channel was 
largely closed but was activated by depolarizing the patch potential; this 
voltage dependence was also evident in excised patches. As mentioned earlier, 
it does not discriminate between Na+ and K, but is twice as permeable to each of 
these ions as it is to chloride24 . This means that the channel would be able to 
conduct anions and the authors suggest that its principal role may be in 
providing an exit pathway for anions, e.g. phosphate and lactate, from the cell. 
The major evidence favouring this postulation is that two chloride-channel 
blockers, DPC and SITS, were effective in decreasing the open probability of 
the channel, but that the sodium-channel blocker, amiloride, which reversibly 
blocked the apical Na+ channel, was without effece4• 

*Goldman showed that the magnitude of current flow through an ionic conductance depends 
upon the concentration of the permeating species. In the case of a K channel bathed with low 
extracellular K and high intracellular K, one would have predicted larger outward currents than 
inward'. 
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Figure 6.5 Model of dominant conductances and transport processes in the two cell types of 
the diluting segment, HBC cells (upper) and LBC cells (lower). Broken lines indicate 
conductances. See text for details 

DILUTING SEGMENT 

Cell model 

The thick ascending limb of the mammal and the early distal tubule of the 
amphibian share many transport properties and are known as the diluting 
segments25,26 (Figure 6.5). These segments have low water permeabilities and 
reabsorb NaCI against steep electrochemical gradients resulting in a dilute 
tubular fluid. There is a lumen positive transepithelial potential which is 
abolished by the loop diuretic, furosemide. The energy for transport is 
provided for by the Na+, K+-ATPase which maintains a low intracellular 
sodium activity. Sodium enters the cell from the tubule lumen down this 
sodium chemical gradient together with a K+ ion and two cr ions on an 
electroneutral carrier. 
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The apical membrane contains a potassium conductance which allows for 
recycling of potassium between the cell and the tubule lumen; this recycling of 
potassium is necessary for the continued reabsorption of sodium chloride 
since K+ is re9,.uired as a substrate for the co-transporter and the tubular 
delivery of K is less than the amount of NaCl reabsorbed. This K+ 
conductance varies with changes in the mineralocorticoid and acid-base 
status of the animal, in both cases mediated by an intracellular acidification27. 

The basolateral membrane of both amphibians and mammals contains a 
chloride conductance; it is the series arrangement of an apical potassium 
conductance and basolateral chloride conductance that leads to the 
observed lumen positive :/?otential. Morphologically, there are two cell types 
in both the amphibian and the mammalian29 diluting segments. This 
heterogeneity is also seen in the electrical properties of the cells, but only 
with regard to the basolateral membrane; these cells were termed by 
Guggin030 high basolateral conductance (HBC) and low basolateral con­
ductance (LBC) cells. In the HBC cells, the basolateral membrane contains 
large K+ and CI conductances in parallel, whereas, in the LBC cells, an 
electroneutral KCI co-transporter is present. In the rabbit, it appears that 
the cells are principally of the LBC type25, lacking a basolateral K+ 
conductance. 

In addition to these major transport pathways, there is an electrogenic 
N aH C03 co-transporter on the basolateral membrane of the amphibian 
dilutinfl segments cells which is similar to that described for the proximal 
tubule . This transporter would be expected to be important in maintaining 
the intracellular pH during chronic K-Ioading when a normally silent apical 

+ + • 27 
N a I H exchanger becomes activated . 

Channels 

Two types of K+ channel have been described in the apical membrane of the 
amphibian early distal tubule. One of these is a large conductance calcium­
activated channel; the other is a channel which is apparently composed of 
four equally conductive subunits (MBC or multi-barrelled channel)32,33. 
There have been no published reports of channels in the apical membrane of 
the intact tubule of the mammalian diluting segment, although calcium 
activated channels have been discovered in the apical membrane of cultured 
cells derived from both rabbit and chick kidneys34,35. Cation-selective 
channels have been recorded in the basolateral membrane of mouse 
tubules36. 

Apical channels 

The calcium-activated channel of Amphiuma (an amphibian) early distal 
tubule has a large conductance (120 pS with symmetrical 100 mmol L-1 K+ 
solutions), is highly selective for K+ over Na+ and is inhibited by barium 
from either the cytoplasmic or extracellular face37. In the cell-attached 
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condition, at the resting membrane potential, the open probability is 
immeasurably low; channel openings do not become evident until the 
channel is depolarized by some 100 m V. This may well argue against the 
channels having any physiological role since one would never expect the 
apical membrane potential to alter by this amount. However, I would like to 
offer a number of reasons why I believe the channel may contribute to the 
apical K+ conductance, but maybe only after hormonal stimulation: 

(1) The regulation of the channel appears to be multifactorial, with 
intracellular Ca, ATP and pH all being possible regulators in 
vivo37,38; 

(2) Similar channels in the cultured mammalian thick ascending limb 
cells are similarly closed under resting conditions but can be 
stimulated by the addition of ADH or forskolin3s; 

(3) The channels are present at a high density on the cell membrane (the 
probability of finding a channel in a patch is around 0.5). 

Followin? excision of the patch into the bath solution which has a high 
(l mmol L ) calcium concentration, the open probability increases to 
almost 1 (Figure 6.6). Hyperpolarizing the patch causes the open probability 
to decrease, with an e-fold (2.3-fold) change in open probability for a 32 m V 
change in membrane potential (Figure 6.6), The calcium sensitivity of the 
channel can be best studied using excised inside-out patches. At calcium 
concentrations above 10 6 mol L-', the channel is predominantly open. 
Lowering the calcium activity below this level causes an abrupt decrease in 
channel activit/2. These properties are typical of large-conductance 
calcium-activated potassium channels's. 

The channel is also sensitive to changes in the bath ( cytoplasmic) 
concentration of A TP in inside-out patches with an apparent Kd of around 
5 mmol L- ' in the presence of 1 mol L- ' calcium38. The inhibition can be 
overcome by raising the total calcium concentration to 10 mol L- ' whilst 
maintaining the A TP concentration constant. A TP apparently works by 
altering the calcium sensitivity of the channel by about two orders of 
magnitude, since the calcium activity in the 5 mol r' ATP, 1 mmol L' Ca 
solution was about 5.IO-s mol L I and gave an inhibition consistent with a 
calcium activity between 10 7 and 10-6 mol L- ' Ca. This effect is not due to 
phosphorylation of the channel since the inhibition was still evident in the 
absence of magnesium (which is normally required as a substrate for A TP­
mediated phosphorylation) and a non-hydrolysable analogue of ATP, 
AMP-PNP, was equipotent in inhibiting the channd8. 

It was generally thought that the properties of the calcium-activated 
potassium channels (CAKs) of epithelia were the same as those in excitable 
tissues. However, we were unable to inhibit CAKs from smooth muscle, 
even using an ATP concentration of 10 mmol L- ', and we tentatively 
proposed that this may be a distinguishing feature of epithelial CAKs38. 

The CAKs are highly selective for K+ over sodium, but they do allow the 
permeation of other alkali cations, with the relative permeability sequence 
(determined from the shift in reversal potential under bi-ionic conditions): 
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Figure 6.6 Voltage-dependence of calcium activated potassium channel in an excised, inside­
out patch from the apical membrane of Amphiuma early distal tubule. (Reproduced with kind 
permission of Federal Proceedings and S. Karger AG, Basel). Upper trace: single-channel 
currents at four different clamp potentials. Arrows indicate closed channel currents, openings 
are upwards in these traces. Note the high open probability at 0 mV due to the presence of a 
high (1 mmol L ') calcium concentration in the bath solution". Lower trace: open probability 
as a function of membrane potential. As the patch is depolarized the open probability 
• 37 
Increases. 

K+ > Rb+ > NH+4 > Na+ 

With all of the substituting ions, the conductance was reduced, but, unlike 
the CAK of the rat cortical collecting tubule (CCT, see later), significant 
amounts of current were carried by Rb+ (Figure 6.7). 

The multibarrelled channel (MBC) of the Amphiuma diluting segments is 
apparently made up of four parallel3 equiconductive subunits, each of which 
gates independently of the others3 . In addition to these gates, there is a 
main gate which acts to expose or occlude all of the subunits in unison 
(Figure 6.8). The channel was a high open probability in the cell-attached 
condition (Po subunits = 0.9, Po main gate = 0.8). At first sight, the single 
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Figure 6.7 Open channel current/voltage relationships for calcium-activated channels from 
apical membrane of Amphiuma early distal tubule in excised, inside-out patches. 
a. 100 mmol L' potassium on both sides of the patch. b. 100 mmol L' rubidium sub­
stituted for potassium in the bath solution. Note the smaller but measurable outward (positive) 
current carried by rubidium and that the current axis is smaller than a. 

133 



EPITHELIA 

channel records seem to be derived from more than one channel but the 
frequent closings to the zero current level reveal the presence of a common 
gating mechanism which we termed the main gate. When the main gate is 
open, the transitions between the subunits can be observed. If there were 
four equiconductive subunits in the patch, then we would expect the subunit 
currents to be integer mUltiples of the single subunit current. The dotted 
lines in Figure 6.8 are drawn at intervals of a quarter of the open channel 
current and one can see currents corresponding to 2, 3 and 4 of the subunits 
being open simultaneously. 1/ V curves of the channel currents show an 
individual subunit conductance of 7.9 RS, giving an overall single channel 
conductance of 31.6 pS (100 mmol L- K+ in pipette, cell-attached) The 
channel displays inward rectification, with the outward conductance 
appearing to be around a quarter of the inward conductance. More 
quantitative evidence favouring the above model is given by the amplitude 
histogram (Figure 6.8). If the patch contained four channels, each gating 
independently of the others, then the amplitude histogram should be 
described by the binomial distribution. This is obviously so for the subunits 
(right hand peaks), where the binomial distribution, shown by the dotted 
lines, well describes the data for a subunit open probability of 0.9. However, 
the probability of four channels being simultaneously closed with an open 
probability of 0.9 is only 9.10-5, whereas the experimentally determined 
probability of the channel being closed was 0.22 - this is the major evidence 
in favour of the main gate. Kinetic analysis showed that the main gate did 
not interfere with the opening and closing rates of the subunit gates33, 

underlining the independence of these two gating phenomena. 
The channels are blocked by barium from the extracellular face in a dose­

and concentration-dependent manner (K. Kawahara, M. Hunter and G. 
Giebisch, unpublished observations). Barium induces full channel closures 
without causing a change in the gating of the subunits, indicating that 
barium blocks at the main gate level and is denied access to the subunits. 

Unfortunately, the MBCs disappear from the patch very quickly upon 
excision from the cell and so we have not yet been able to determine which 
intracellular factors are responsible for their regulation. Certainly, the 
presence of two types of gate would afford the possibility of regulation of 
the channel by several factors; for example, the subunit gates may be 
sensitive to intracellular pH and the main gate to phosphorylation. We can 
account for all of the conductance of the apical membrane of the tubule 
given the density of the channels (which can exceed 50 channels per patch) 
and the high open probability in the cell-attached condition. It is also worth 
noting that the author has never seen both of these channels in the same 
patch. This raises the possibility that the distribution of K+ channels may 
reflect the different cell types within the tubule, i.e. the CAKs may be 
present on one of the cell types and the MBCs on the other. 

Using the whole cell clamp technique, we investigated the whole cell 
potassium conductance of single isolated early distal tubule cells from the 
froglO. By using calcium-free solutions in the pipette solution we hoped to 
minimise the contribution of the CAKs to the whole cell current, and by 
using predominantly K-gluconate solutions in both the pipette and the bath, 
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Figure 6.8 Multi-barrelled channel from apical membrane of Amphiuma early distal tubule". 
(Reproduced with kind permission of Nature (London). a. single-channel currents measured 
cell-attached with 100 mmol L I KCI in the pipette and an applied potential of 140 mY, channel 
openings are downwards in this trace. Dotted lines are drawn at intervals of 1/4 of the open 
channel current. b. amplitude histogram of the above channel. The large peak at the left 
corresponds to the closed channel current. The peaks at the right correspond to two, three and 
four channels being open. Dotted line indicates predicted binomial distribution for four 
independently gating channels, each having an open probability of 0.903. c. cartoon showing 
proposed structure of multi-barrelled channel 
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Figure 6.9 Whole cell K' current/voltage relationships for frog early distal tubule cells in 
absence (left) and presence (right) of 10 mmol L I barium 10. In control conditions, the current 
shows inward rectification. The inward current is almost totally inhibited by the K-channel 
blocker, barium. (Reproduced with kind permission of the American Journal of Physiology) 

we measured almost solely K+ currents. In these experiments we measure the 
apical K+ currents from the LBC cells and the apical and basolateral K+ 
currents from the HBC cells. 

The whole cell K+ conductance is inward rectifying, with the inward 
current beng 4-fold larger than the outward current (the same as the apical 
MBC). This inward current was reduced by 92% upon the addition of 
10 mmol L- 1 barium to the bath solution (Figure 6.9). By using pipette 
solutions of varying pHs, we found that the cell K+ conductance was 
dependent upon intracellular pH over the range 7.2 to 7.6. This very steep 
dependence of K+ conductance on intracellular pH is the same as that 
recently demonstrated using fused cells of frog kidne/9 • On the other hand, 
acidification of the extracellular solution by 1.4 pH units was without effect 
upon the cell conductance38 • These results agree well with the previous 
finding that, in isolated perfused tubules of Amphiuma, the apical K+ 
conductance was reduced following acidification of the bath solution (both 
iso- and hyper-capnic) but not of the luminal perfusate, indicating that it 
was a chan~~ in the intracellular pH which mediated the change in K+ 
conductance . 

In summary there are two types of K+ channel in the apical membrane of 
the amphibian diluting segment, only one of which is open at the resting 
membrane potential under the experimental conditions used so far. This 
channel has unusual gating characteristics which indicate that it is made up 
of four smaller channels in parallel. 
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Basolateral channels 

An unexpected finding has been the identification of cation selective 
channels which do not discriminate between sodium or potassium in the 
basolateral membrane of cortical thick ascending limbs of mouse kidnel6• 

The channels have an ohmic conductance of 27 pS in the presence of 
140 mmol L-1 sodium and! or potassium and appear to discriminate per­
fectly between cations and anions. There is no clear dependence of channel 
activity on voltage, but the channels are activated by raising the bath 
calcium concentration with excised inside-out patches. However, like the 
calcium-activated K+ channels described above, these channels were usually 
inactive in cell-attached patches, and only became active upon excision into 
bathing media containing higher calcium levels than those of the cytosol. 
Given the absence of a significant basolateral cation conductance in the 
intact epithelium25 , it is thus unlikely that these channels are open under 
normal conditions. 

COLLECTING TUBULE 

Cell model 

The prime ion transport functions of the cortical collecting tubule are (a) to 
provide a regulated reabsorption of sodium and secretion of potassium, 
both of these processes being controlled by the mineralocorticoid hormone, 
aldosterone, and (b) acidification of the urine41 ,42, Electrophysiological and 
morphological results show that there are at least two cell types in the 
collecting tubule of amphibians and the cortical collecting tubule of 
mammals; the principal and the intercalated cells28,43-45 (Figure 6.10). 
The principal cells are characterized by an apical Na+ conductance that is 
sensitive to the diuretic amiloride46 . In mammals46, but not in the amphibian 
(or at least, Amphiuma)43, there is a parallel apical K+ conductance, which 
allows for the secretion of K+ by the tubule and which is inhibited by the K+­
channel blocker, barium. There is also evidence for electro neutral KCI 
symport across the apical membrane, providing an additional route for K+ 
secretion47 • The basolateral membrane contains both K+ and cr con­
ductances48 . The energy for transcellular transport is provided by the Na+, 
K+ -ATPase located in the basolateral membrane. This acts to maintain 
sodium below, and potassium above, electrochemical equilibrium, thus 
providing the driving forces favouring both sodium entry and potassium 
secretion across the apical membrane. It is the transepithelial sodium 
transport which is largely responsible for the observed lumen negative 
transepithelial potential. 

The intercalated cells are involved in proton secretion and the apical 
membrane contains proton pumps but no measurable conductance, result­
ing in the cells having apical to basolateral resistance ratios indistinguish­
able from unity44. The basolateral membrane has a large conductance for 
chloride (or anions) but is one of the few cell types thought to be lacking a 

137 



APICAL 

EPITHELIA 

Na_,..,.,.._ 

K K ... 
.... ....Cl 

,.,------- ........ K 

BASOLATERAL 

Figure 6.10 Model of dominant conductances and transport processes in the two cell types of 
the collecting tubule, principal cell (upper) and intercalated cell (lower). Broken lines indicate 
conductances. See text for details 

Na+, K+-ATPase. To my knowledge, no channel recordings have been made 
from intercalated cells. 

Apical channels 

In all, three types of channel have been discovered in the apical membrane 
of the mammalian cortical collecting tubule, two potassium channels and an 
amiloride-sensitive sodium channel. 

Apical K channels 

The CAK channel is present as well as a much lower conductance K+ 
channel. 

The CAK is highly selective for potassium over sodium with a selectivity 
. + + ~ 7~ 

railO (K : N a) of over 40: I and a conductance of around 100 pS' . The 
channels are activated by micro molar amounts of calcium and inhibited by 
barium in a dose-dependent manner47 . Kinetic analysis of the channel 

49 records showed that there were at least two closed and two open states . 
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With a bath calcium concentration of 1 mmol L-1, the arithmetic mean open 
time was 22.1 ms and the closed time was 3.6 ms. Lowering the calcium 
activity of the bath to 10-6 ml L I reduced the mean open time to 2.4 ms but 
caused no change in the closed time. This indicates that raising the cytosolic 
calcium activity maintains the channel in the open state once it has opened, 
but does not predispose the channel to open any quicker while it is in the 
closed state. 

Depolarization increases the open probability in both cell-attached and 
excised patches49. This dependence of open probability on voltage has a 
sensitivity of an e-fold change in open probability for a 32 m V change in 
membrane potential. The voltage sensitivity of the channels is also affected 
by the calcium activity, such that the open probability versus membrane 
potential curve is shifted to the right when the calcium concentration is 
lowered50. This relationship has lead to the postulation that depolarization 
may cause a locally elevated concentration of calcium ions close to the 
calcium bindin~ site, effectively altering the binding of calcium to the 
activation site . However, a number of findings argue against this 
possibility: 

(1) A K+ channel from the basolateral membrane of rabbit urinary 
bladder shows the same voltage sensitivity as that of the rabbit 
cortical collecting tubule, but is insensitive to the calcium concent-

• 52 d ratIon ,an 
(2) Application of n-bromoacetamide, a protein-specific reactive agent, 

to the cytosolic face of inside-out patches containingCAKs is able to 
remove the calcium-sensitive component of channel activation 
whilst leaving the voltage sensitivity unchanged53. 

The second type of K+ channel of the CCT has a much smaller 
conductance (9 pS) than that of the CAKs (100 pS), and, for the remainder 
of this chapter, shall be referred to as LCK (low conductance K+ 
channels)6,54. These channels are insensitive to changes in the bath calcium 
concentration in inside-out patches and are also insensitive to potential over 
the range ±40 m V of the resting membrane potential54. Thus, the LCKs are 
markedly different from the CAKs in a number of respects. The con­
ductance of 9 pS is that for outward current flow in the cell-attached 
condition. In the presence of symmetrical 140 mmol L-1 K+ solutions, the 
channels show inward rectification, i.e. the inward current is greater than 
the outward currents for a given driving force, with a conductance of 25 pS. 

A number of arguments have recently been put forward by Frindt and 
Palmer favouring the LCKs as those responsible for the K+ conductance of 
the apical membrane of the CCT in the physiological condition54: 

(1) The open probability of the CAKs is very low in the cell-attached 
condition unless the membrane is strongly depolarized whereas the 
LCKs have an open probability of around 0.9; 

(2) The conductance of the CAKs to rubidium is low, whilst that of the 
LCKs is high, yet rubidium is known to substitute for potassium in 
secretion by the CCT; and 
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Figure 6.11 Single-channel currents through N a' channels in an excised, outside-out patch 
from rat collecting tubule" in the absence (upper trace) and presence (lower trace) of the 
sodium-channel blocker, amiloride. Arrows indicate closed channel current; openings are 
downwards in this trace. (Reproduced with kind permission of Federal Proceedings) 

(3) The CAKs were very sensitive to TEA when applied to the 
extracellular face, whereas TEA was without effect upon the electri­
cal properties of isolated perfused CCTs. 

These arguments beg the question of the role of the CAKs in the CCT: why 
are they present at all? If the channels are closed, then they obviously cannot 
contribute to the apical K+ conductance. It may be that the channels are not 
being stimulated under the conditions in which they have been studied. Indeed, 
in a cultured cell line from chick kidney, forskolin and ADH stimulated CAKs 
to openJ5 . The results of such experiments have not yet been reported for CAKs 
from the CCT (nor, to my knowledge, have they been performed). 

Na+ channels 

Sodium channels have been described in the apical membrane of the rat, but 
not the rabbit, CCT. The channels have a small conductance (5 pS) in the cell­
attached condition55 . Both the single-channel current and the conductance 
saturate as functions of the bathing sodium concentration56, with an apparent 
Km of ~20 mmol L I. The channel conducts lithium ions slightly better than 
sodium. Like the macroscopic tubular sodium conductance, the channels are 
sensitive to micro molar concentrations of the diuretic, amiloride, which causes 
a flickering of the channel between open and blocked states (Figure 6.11). The 
effect of amiloride demonstrates sidedness, such that it is only effective when 
applied to the extracellular face of the channel. 

The channels are only mildly sensitive to voltage, requiring a 100 m V 
change in membrane potential for an e-fold change in open probability, 
suggesting that membrane potential is an unlikely physiological regulator of 
the channel*. Cytosolic pH may be an effective regulator of channel activity, 

* In vivo, at least long-term changes in the macroscopic Na conductance appear to be 
mediated by changes in the channel number, rather than the open probability (macroscopic 
current is the product of the single-channel current, open probability and number of channels 
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since reducing the pH of the fluid bathing the cytosolic face of excised 
patches from 7.4 to 6.4 caused an eight-fold reduction in open probabilitl5• 

This effect of acidification was rapid and reversible and was brought about 
by both a reduction in the mean open times and an increase in mean closed 
time of the channel. 

It has been postulated for some time that the amiloride-sensitive sodium 
channel of epithelia was down regulated by raising the intracellular calcium 
level57• This regulation can be seen at the single-channel level. In cell­
attached patches, addition of the calcium ionophore, ionomycin, in the 
presence of high bath calcium leads to a ten-fold decrease in channel open 
probability. However, raising the calcium activity of the fluid bathing the 
cytosolic face of excised sodium channels has no effect upon channel 
activitl5• Thus, although raising the cytosolic calcium does reduce the 
channel open probability, calcium does not regulate the channel activity 
directly but presumably acts as an intracellular second messenger. 

CONCLUSIONS 

We have now entered a new era of renal electrophysiology in which we are 
able to measure ion flow across the membranes of the cells at the molecular 
level. This is providing us with very precise information about the regulation 
and biophysical properties of membrane conductances and of the channels 
through which the ions flow. Although we must take extreme care in 
projecting the single-channel findings to those of the epithelium, we are now 
in a position to begin to make predictions of the response of a particular cell 
to certain manoeuvres; for example, we would predict that a rise in the 
intracellular calcium would cause an increase in the apical potassium 
conductance of all of the nephron segments. In those cases where more than 
one channel type is present in a particular membrane, we need to be able to 
discern the proportion that each of them contributes to the total membrane 
conductance. With careful combination of flux data, conventional electro­
physiology and single-channel studies, we can anticipate large advances in 
our understanding of the nature, role and regulation of renal and epithelial 
conductances over the next few years. 

Acknowlegements 

I am deeply indebted to Gerhard Giebisch who has constantly encouraged 
not only my work, but that of renal transport in general, and to Brian 
Cohen who gently guided me through my first patch experiments. I would 
like to thank all of my colleagues who generously supplied me with reprints 
and abstracts, and special thanks to those who allowed me the privilege of 
access to their unpublished work. Thanks also to Stephen Town for help in 
the preparation of the diagrams and to Drs Barry Argent, Mike Gray and 
Chris Jones for their comments on the manuscript. 

in the membrane). This is suggested by the increased probability of finding channels in patches 
either before «3%) or after (-50%) maintenance of rats on a low-sodium diet for a period of I 
week, a condition under which the endogenous levels of plasma aldosterone are elevated". 
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7 
Transport Physiology of Renal and 
Intestinal Cell Culture Models 

M. H. MONTROSE 

INTRODUCTION 

Over the past several years, the use of tissue culture systems has greatly 
increased our ability to study various aspects of the physiology of renal and 
intestinal epithelial cells. In both of these tissues, a variety of different cell 
types is found in the epithelial layers. In contrast, under optimal conditions, 
cultured intestinal or renal epithelial cells have presented an opportunity to 
study a homogeneous cell type in a well-defined environment. In other 
words, cultured cells offer the chance to simplify analyses of complex 
phenomena, while improving experimental rigour. Two types of experi­
mental culture systems have emerged. The first is primary culture, in which 
freshly isolated cells are placed in culture and cell proliferation is limited. 
The second system is the use of established cultured lines, in which cells are 
maintained in culture for extended periods. This chapter will focus on the 
utility of the latter cell type, as a large number of established cell lines are 
available (see Table 7.1), and this type of system offers the most exper­
imental flexibility. 

Despite the availability of such established cell lines, their application to 
the study of renal and intestinal physiology should be made jUdiciously. 
Prior to working with a cell line, investigators must consider the minimal 
requirements for a cell to be satisfactory for study. In general, it is the topic 
of study itself which places requirements on the choice of a model cell 
system. For some questions concerning the biology and physiology of 
epithelial cells, it is not always essential to have cells with a defined 
homology to a specific tissue type. Studies which require the expression of 
features found in a variety of epithelia (such as epithelial polarity, tight 
junctional structure, and microvillus membrane structure) often fall into 
this category. Similarly, some functions may be tissue specific, but not 
region specific. For example, Cl secretion is elicited by increases in cellular 
cAMP in both small and large intestine 42,43, and may therefore be studied in 
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Table 7.1 Partial listing of established epithelial cell lines from kidney and intestine 

eel/line 

LLC-PK, 

OK 

MOCK 

A6 
BSC-I 
293 
FrhK-4 
LLC-MK2 
PtKI 
PtK2 

RK'J 
LLC-RKI 
NRK-52E 
MOOK 
MOBK 

MTAL 
M-mTAL-IC 
RC.SVI 
RC.SV2 
RC.SV3 
RCCT-28A 
A-498 
A-704 
Caki-I 
Caki-2 
FHs74 Int 
Intestine 407 
IEC-6 
IEC-18 
HCT-8 
IA-XsSBr 
GPC-16 

T" 
Caco-2 
HT-29 

Subclones 

LLC-PK" 
O+Sc 
O+Rc 
-0-
CL4 
PKE20 

PTH responder 

Low resistance 
High resistance 

HT29-18 
HT29-C, 
HT29-N2 

HT29-04 
HT29-09 
CI.27H 
HT29-19A 
HT29-16E 

Originating tissue 

Whole pig kidney 

Whole opossum kidney 

Whole canine kidney 

Whole South African toad kidney 
Whole African green monkey kidney 
Whole human kidney 
Whole rhesus kidney 
Whole rhesus kidney 
Whole marsupial kidney 
Whole marsupial kidney 
Whole rabbit kidney 
Whole rabbit kidney 
Whole rat kidney 
Whole sheep kidney 
Whole bovine kidney 

References 

1,2* 
3 
3 
3 
4 
5 
6 
7 
8 
9,10 
9, 10 
II 
12 
13 
14 
15 
16 
16 
17 
15 
18 
19 
19 

Thick ascending limb of rabbit 20 
Thick ascending limb of mouse 21 
Cortex of rabbit 22 
Cortex of rabbit 22 
Cortex of rabbit 22 
Cortical collecting duct of rabbit 23 
Carcinoma - whole human kidney 24 
Carcinoma - whole human kidney 24 
Carcinoma - whole human kidney 25 
Carcinoma - whole human kidney 25 
Human small intestine 26t 
Human small intestine 27** 
Rat small intestine 28 
Rat ileum 28 
Carcinoma - human ileocecal intestine 29tt 
Carcinoma - rat small intestine 30 
Carcinoma - guinea pig colon 31 
Carcinoma - human colon 32 
Carcinoma - human colon 33 
Carcinoma - human colon 25 
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Table 7.1 Continued 

eel/line 

SW48 
SW403 
SW480 
SW948 
SWIJ16 
SWI417 
LSI80 
LS 174T 
DLD-I 
HCT-15 
HCT-116 
SW837 
SWI463 
HRT-18 

TRANSPORT PHYSIOLOGY 

Subclones Originating tissue 

Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human colon 
Carcinoma - human rectum 
Carcinoma - human rectum 
Carcinoma -- human rectum 

*Note that two distinct clones have been named LLC-PK,A 
tNo keratin was detected in this line 
**Contamination by He La markers sugests that this line is not intestinal 

References 

38 
38 
38 
38 
38 
38 
39 
39 
40 
40 
41 
38 
38 
29tt 

ttHCT-8 and HRT-18 may be cross-contaminated and therefore identical cell lines 

a variety of intestinal cell models44- 46 • However, in order to use a tissue 
culture cell to study an aspect of renal or intestinal physiology which is 
specific for a defined cell type, the cultured cell must express the physio­
logical function of interest. This chapter will review information on the 
characterization of some renal and intestinal tissue culture systems which 
have been useful for studies of transport physiology. 

CHARACTERIZATION OF CELL CULTURE LINES 

The goal of characterizing a tissue culture cell is to define whether it is a 
good model system for answering a specific question. In early work with 
epithelial tissue culture cells, one strategy was to use information about the 
expression of a wide variety of native tissue functions by a tissue culture cell, 
in order to make a general assignment of homology to certain tissue types. 
Ironically, the ambiguity of such information collected from native tissue 
(containing a variety of cell types) is often the reason that tissue culture 
systems have been sought in the first place. In addition, as one might expect, 
tissue culture cells do not mimic the performance of native tissue cells in all 
respects. For these reasons, a more successful strategy has been to ask 
questions specifically related to the research topic which seek to define 
whether it is possible to work within the limits of homology between the 
tissue culture cells and native tissue. Such strategies are discussed below 
under Homology to native tissue: transport physiology, after a discussion of 
the general features of established cell lines. 
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Homology to native tissue: general features 

A simple question concerning any tissue culture cell line is the definition of 
the originating cell type which was cultured from the native tissue. 
Unfortunately, even this question is often difficult to answer because of 
heterogeneity in the starting material as well as heterogeneity in the 
cultured cells themselves. In the case of renal culture, many of the 
established cell lines have been obtained from explants of whole kidney 
preparations and therefore the nephron segment(s) from which the cultured 
cells have been derived cannot be immediately defined (see Table 7.1). 
In contrast, the large versus small intestinal origin is known for intestinal 
cell lines, but this information is compromised by the presence of different 
cell types in the original epithelial layer (e.g. villus cells, crypt cells, 
enteroendocrine cells and goblet cells) which have varying proliferative 
capacities. As one might anticipate, a number of uncloned cell lines have 
b 'd 'f' d f . 11 d hI' 11 h 39 10 3437 een I enh Ie as unctlOna y an morp 0 oglca y eterogeneous'" . 
The assessI?ent ~f ~oR~£eneity .of a popula~ion .can be made on either 
morphological cntena' " , reactIOn with antibodies or other markers of 
specific ~roteins34,47, or can be based on the function of subcloned or single 
cells3,9,1O,. 5-37,48.49. In some cases, even clonal lines have the capability to 
produce a variety of cell types which must be further subcloned to produce 
a stable and homogeneous cell type. This is best documented for the case 
of the cloned HT29-18 cell line (a human colon carcinoma), which can be 
induced to differentiate into multiple cell types34. In addition, for unknown 
reasons, even clonal lines have the tendency to 'drift' in phenotype and 
should occasionally be reselected for the functions under study. 

In order to define the originating cell type of a tissue culture population, 
one preferable alternative to whole explant culture is the establishment of 
immortalized tissue culture lines from a defined epithelial source. This has 
been performed most frequently using defined nephron segments to create 
established lines of medullary thick ascending limb22,23 or collecting duct 
cells23 . While the use of such cells allows firm conclusions about cellular 
origin, it is worth noting that even the establishment of such lines does not 
guarantee that their physiology remains faithful to the originating tissue23 , 

Use of a defined epithelial source has been more difficult in intestinal 
culture28, because the intestinal el?ithelia have a multitude of different cell 
types in the same epithelial layer , 

A number of cultured renal and intestinal epithelial cells express general 
features found in many epithelia. These features include an epithelial 
morphology (all cells in Table 7.1 satisfy this criterion) as well as formation 
of tight junctions and polarized expression of plasma membrane proteins, 
In addition to satisfying these 'minimal requirements' as epithelial cells, 
functions can also be expressed which are only observed in a subset of 
epithelial cells. While a cell line may express some functions which suggest 
homology to a desired cell type, it is probably not correct to justify use of a 
tissue culture cell as based on the expression of functions unrelated to the 
topic of study. This may be best illustrated by the work performed to 
evaluate expression of membrane enzymes by renal and intestinal tissue 
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culture cells. The expression of microvillar membrane hydrolases is a 
function which is known to be restricted to the early segments of the 
intestine (small intestine) and the nephron (proximal tubule), probably 
because these regions are involved in absorption of the enzymatic products. 
As shown in Table 7.2, a number of both intestinal and renal cell lines 
express such enzymes, but contrary to expectation, this has not been 
successfully applied as a criterion for homology to early segments of 
intestinal or renal tissue. For instance, given the colonic origin of the Caco-
2 and HT29 celll5,33, it appears curious that these cell lines should express 
such enzymes (see Table 7.2). However, when monoclonal antibodies were 
used to identify the enzymes in Western blots, it was found that the adult 
human small intestine expresses hydrolases of a different molecular weight 
from Caco-2 cells, while fetal colon expresses hydrolases of the same 
molecular weight as Caco-2 cells47 • On this basis, it has been suggested that 
Caco-2 cells be used as models of fetal colon 47. Similarly, when the 
expression of both membrane and cytosolic enzymes was directly com­
pared among native renal tissue and two renal cell lines (LLC-PK 1 and 
MDCK), it was not possible to assign a proximal or distal phenotype to the 
tissue culture cells53 . The enzymes which were observed suggested that a 
mixture of both proximal and distal tubular functions were being 
expressed in both cell lines. While population heterogeneity can contribute 
to such confusion, an assignment of homology based on such criteria is 
clearly weakened. 

Homology to native tissue: transport physiology 

The most practical criterion for defining the utility of any given culture 
model to study membrane transport is to examine the complement of 
proteins and functions expressed by the cells which relate directly to the 
topic of study. A compilation of such information is presented in Tables 
7.3 and 7.4 for a variety of renal and intestinal cell lines, and the relevance 
of such information to studies of transport physiology is described below. 
It should be mentioned that, in most cases, measurements of function 
(transport function in particular) are made on a number of cells 
simultaneously. Therefore, the heterogeneity of cellular transport function 

. h' I' h I bid' f I 48,49,134,175 I WIt m a popu atlOn as on y een eva uate m requent y . t 
should also be mentioned that the listing of cells which is presented in 
Table 7.1 is only a subset of those which may be appropriate model 
systems. Just as functional similarities exist between the distal segments of 
the intestine and kidney and those of the bladder, cells cultured from the 
toad bladder have been shown to be useful for studies of some aspects of 
renal function 161. 

A major function of the intestinal and renal epithelia which has been 
studied in cultured cells is the vectorial transport of salts and solutes. The 
cellular basis for this vectorial transport is the expression of specific 
membrane proteins within restricted plasma membrane domains (i.e. apical 
or basolateral membranes). As shown in Table 7.3, several membrane 
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Table 7.2 Membrane enzymes expressed by renal and intestinal cell lines 

eel/line Membrane enzyme References 

LLC-PK, y-Glutamyltransferase 50-53 
Aminopeptidase 52,53 
Alkaline phosphatase 50,53 
Trehalase 52,54 

OK y-Glutamyltransferase 55 
Leucine aminopeptidase 55 

MDCK y-Glutamyltransferase 53 
Leucine aminopeptidase 53 

RC.SV1 yGlutamyltransferase 22 
Leucine aminopeptidase 22 
Dipeptidase IV 22 

HT29 S ucrase-Isomaltase 35,37,56-58 
Dipeptidase IV 56 
Aminopeptidase N 35,56,57 
Maltase 37,57 
Alkaline phosphatase 57 

Caco-2 Sucrase-isomaltase 47,59,60 
Maltase 60 
Aminopeptidase N 47 
Dipeptidase IV 47 
Alkaline phosphatase 59 
Trehalase 59 
y-Glutamyltransferase 60 
Alkaline phosphatase 61 

transporters have been identified in cultured renal and intestinal cells which 
are candidates for expressed epithelial membrane proteins. Two features of 
this epithelial specialization can be used to help define the homology of 
transport systems in cultured cells to those found in native tissue. In some 
cases, the expression of a transport function is limited to defined epithelial 
cells. For example, except for the brush-border membrane of the proximal 
tubule and small intestine, the Na+-glucose co-transporter has not been 
detected in the plasma membrane of mammalian tissue cells l62 . For this 
reason, several groups have studied the transport mechanism and regulation 
of the N a+ -glucose co-transporter expressed in renal or intestinal cell lines as 

d I f h . . . 60 163-165 Al . I a mo e 0 t e same transporter 10 natIve tIssue' . ternatlve y, some 
transport systems may be present in both polarized and non-polarized cells, 
but have specialized functions and a restricted polarity in epithelial cells. 
Thus, either a functional analysis and/ or an assessment of polarity can be 
used to define the epithelial origin of a transporter in cultured epithelia. As 
shown in Table 7.3, the polarized expression of a number of transporters 
has been established. For example, an apical Na+ / H+ exchanger is respon­
sible for both pH regulation and trans epithelial transport in the proximal 
tubule, whereas a pH regulatory basolateral Na+ / H+ exchanger is found in 
more distal nephron segments. The presence of this transport reaction has 
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Table 7.3 Membrane transporters expressed by renal and intestinal cell lines 

eel/line 

LLC-PK, 

OK 

BSC-1 

JTC.12P3 

A6 

MOCK 

RC.SVI 

HT29 

Caco-2 

Membrane transporter 

N a/ K/ CI co-transport 
Na/ glucose co-transport 
Na/ aspartate co-transport 
Na conductance 
N a/ phosphate co-transport 
Na/ H exchange 

Lysine transport 
N a/ alanine cotransport 
CI/ HCO, exchange 
Or~anic cation transport 
Ca -ATPase 

CI channels 
K channels 
N a/ proline co-transport 
N a/ glutamate co-transport 
N a/ glucose co-transport 
N a/ phosphate co-transport 
N a/ H exchange 
Naj KjCI co-transport 

Naj HCO l co-transport 
Na/ H exchange 
Clj HCO l exchange 

N a! phosphate co-transport 

CI channel 
Na conductance 

Na/ H exchange 
N aj K / CI co-transport 
Clj HCO, exchange 
Lysine transport 
Anion channels 

N a! glucose co-transport 
Na! H exchange 

CI channels 
Na! Kj CI co-transport 
K conductance 

CI channels 
Na! K! CI co-transport 
Na! H exchange 

Na! glucose co-transport 

* A = apical; BL = basolateral 

Polarity* 

A 
A 
A 
A 
A 

A 
BL 
BL 
BL 

A 
A 
A 
A 

A 

A 

BL 

A 
BL 

References 

62 
52,63,64 
65 
66 
67 
68 
54,69,70 
48,70 
71 
72 
73 
74 
75 

76,77 
78,77 
55 
55 
55 
55 
79-81,49 
175 
81 

82,83 
83,84 
83,84 

85 

86 
87 

84,88,89 
90-94 
84 
71 
95 

22 
22 

45,96,97 
98 
99,100 

101,102 
103 
104 

60 

been described for many cultured renal and intestinal epithelia, but the 
polarized distribution of the exchanger is known to vary even among strains 

. 4854,69 71J' 
of the same parental cell hne' " 

A variety of hormones regulates transepithelial transport in renal epith­
elia, and the action of these hormones has been intensively studied in 
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Table 7.4 Hormone receptors expressed in renal and intestinal cell lines, and membrane 
transport processes affected by hormone/ receptor interactions 

Cell line 

LLC-PK, 

OK 

BSC-I 

JTC.12 
A6 

MDCK 

RC.SVI-3 

RCCT-28A 

HT29 

Hormone 

Vasopressin 
Calcitonin 
Vitamin D 
Calcitonin 
PTH 

Atrial natriuretic 
peptide 

Epidermal 
growth factor 

PTH 
Vasopressin 
Aldosterone 

Bradykinin 
Vasopressin 

Adrenergic 

Purine 

PTH 
B-Ad renergic 
Calcitonin 
Bradykinin 
PTH 
Vasopressin 
a-Adrenergic 
Calcitonin 
Cholinergic 

VIP 

Somatostatin 

Insulin 
a,-Adrenergic 
a'A -Adrenergic 
N eurotensin 
Aldosterone 
Gastrin 
Somatostatin 

Regulated transport References 

105~ 108 
3 
109 
85,108 
110,11 I 

N a/ phosphate 85,112-114 

Na/ H exchange 49,79-8 I, 
110,115 

116 
Na/H exchange 115 

Membrane potential II7 

85,118,119 
87,120 

Na flux 87,121-125 
Na,K-ATPase 126,127 

128 
129 

N a transport 130 
131 

Cl secretion 94,132 

CI secretion 133 
22 
22 
22 
23 
23 
23 
23 
23 

Cl secretion 46 
Calcium flux 134 

CI secretion 45,46 

Cl secretion 46 
135 
136-144 
145tb 
146,147 
148 
149 
149 
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eel/line 

Caco-2 

TRANSPORT PHYSIOLOGY 

Hormone 

VIP 

Adrenergic 
VIP 

Regulated transport 

N aj K j CI co-transport 
CI secretion 
CI secretion 

References 

140,144,150-
158 
103 
159 
159,160 

cultured renal cells. Studies of isolated renal tubule segments have 
documented a pattern of response to polypeptide and steroid hormones 
which is characteristic for different regions of the neRhron (i.e. a segmental 
heterogeneity of hormonal response is observed)166- 70. Therefore, the pre­
sence of hormone receptors and hormonally-mediated changes in transport 
in a given cell line have been used to support the study of tissue culture cells as 
models of transport regulation in specific epithelial61 . Using radio-ligand 
binding or hormone-induced changes in intracellular regulators to document 
hormone-receptor binding in renal tissue, it has been observed that 
parathyroid hormone (PTH) receptors are found in most se~ments of the 
nephron other than the thick ascending limb of Henle (T ALH) 66,168, and are 
also expressed in the renal cell lines OK, lTC-12.P3, RC.SVl, and RC.SV2 

.. . 227985112118 
(from opossum, monkey and rabbit kidney, respectively) , , , , . 
Similarly, the receptors for vasopressin (antidiuretic hormone; ADH) and 

1 · . d' d' 1 h 166 I 69-l7l d' h ca cltomn are expresse III lsta nep ron segments' an III t e 
MDCK, LLC-PK 1, and RC.SV3 cells (from dog, pig and rabbit kidney, 

. 1 )22 105 108 129 b d' h' h . OK respective y' , ut are not expresse III 19 amounts III or 
RC.SVI cells22,85 

Although a number of peptide and steroid hormones also regulate 
intestinal transport, information about hormonal responses has been oflesser 
utility in defining models of transport regulation for specific intestinal 
segments. There are two reasons for this state of affairs, The first reason is 
that the axial heterogeneity of hormonal receptors on intestinal epithelial 
cells is not known in a number of cases. Thus, although HT29 cells express 

. 146 147 h' I d f' . . f h . f neurotenslll receptors ' ,t ere IS no c ear e ImtlOn 0 t e expressIOn 0 

these receptors in the intestine. The second reason is that some hormones 
have been shown to alter both small and large intestinal ion transport42,43. The 
advantage of this latter situation is that study of the transport response to 
these hormones may produce information relating to transport regulation in 
numerous segments of the intestine. The best example of the latter case 
concerns the expression of VIP receptors by colonic cell lines. It has been 
shown that transport activity is regulated by VIP in at least 3 colonic cell lines 
T84, Caco-2 and HT29 cells) as well as in both the small and large 
intestine 46,103,159,160 
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TRANSPORT PHYSIOLOGY IN DIFFERENT CELL LINES 

The next section will provide examples of the types of topics and questions 
which have been successfully approached using established cell lines, 

Cellular pH and volume homoeostasis 

The factors contributing to ion homoeostasis in ion-transporting epithelial 
cells are complex, and encourage the development of simple experimental 
systems, Like most other cells, epithelial cells perform 'housekeeping' 
functions of pH and volume regulation, In contrast to other cells, these 
functions must be performed despite the presence of transcellular ion 
transport. Since both functions can involve large net fluxes of osmolytes and 
acid/base equivalents across the plasma membrane, cellular ion 
homoeostasis can become a balancing act between tissue and cellular 
requirements, As discussed by others, this requires a careful co-ordination of 
fluxes across apical and basolateral membranes, as well as the ability to 

d h ' 1 l' , h I' 1 81 172 S accommo ate t e signa s regu atmg transeplt e la transport' , ur-
prisingly, only limited information is available on the pH and volume 
regulation of intestinal cells (either native or cultured) 173,174, In contrast, these 
homoeostatic functions have been examined in a number of renal cell lines, 

Cellular pH homoeostasis in renal cell lines 

Several cultured cell lines have been used to examine the mechanisms 
contributing to pH homoeostasis in renal epithelia, In the four renal cell 
lines examined (BSC-I, LLC-PK" OK and RC.SVI), a Na+/H+ exchanger is 
responsible for the vast majority of net acid extrusion after cells are 

b ' d 'd I d' h b f b' b 224849688, D ' h' su ~ecte to an aCI oa m tea sence 0 Icar onate ' , , , -, esplte t IS 
similarity, clear differences have been noted in the properties of the 
exchanger between cells, the most notable being that, in the same assay 
system (optical measurements of intracellular pH in single cells), LLC-PK, 
and OK cells express the exchanger in opposite membranes (basolateral and 
apical, respectivelit,'75, As the apical exchanger in the OK cell is also 
inhibited by PTH4 , 9 XI,IIO,115, these data have suggested that OK cells express 
the renal proximal tubular Ha+ / H+ exchanger which is regulated by PTH in 
native tissue (see Parathyroid hormone section under Signal transduction 
mechanisms regulating transport), Other laboratories have identified both 
apical and basolateral Na+/H+ exchange in the uncloned LLC-PK, cell, and 
this may be due to different strains of the parent cell line (which is known to 
b h ) d 'ff ' , I d" 48546970 e eterogeneous or to I erences m expenmenta con l110ns ' , , , 
Mutant clones have been isolated from the LLC-PK I cell which specifically 
express more apical Na+ / H+ exchange70, evidence which supports the 
expression of apical Na+ / H+ exchange by the LLC-PK I cell under some 
circumstances, 

Regulation of intracellular pH in the presence of CO2/ HCO, has been 
examined in less detail, but two HC03-dependent transport systems have 
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been identified. In both the BSC-l (from monkey kidney) and LLC-PKII 
Cl4 cells, Cr/HC03 exchange has been identified73.83. In the BSC-I cell, 
Na+ I HC03 co-transport has also been identified82, but is is not known if this 
latter system is Cl- dependent. The latter point is important for comparison 
with the cells of the proximal tubule and thick ascending limb, as cr­
independent Na+ I HC03- co-transport is the only observed HC03--dependent 

. 'f' 1 f' .. 11 1 HI76.177 transport system slgm lcant y a lectmg mtrace u ar p . 

Cellular volume homoeostasis 

As described in a preceding paragraph, control of cell volume is an 
important requirement for ion-transporting epithelial cells. The observation 
of cell volume regulation, or cell survival in different osmolarities, has been 
examined in several cultured renal cell lines. Control of cell volume is 
especially important to the cells of the renal medulla because these cells are 
required to survive in an environment which has large fluctuations in 
osmolarity. MDCK cells (commonly used as a model of distal nephron) 
have been examined in both hyper- and hypo-osmolarity, and only demon­
strate rapid volume regulation in conditions of lowered osmolarity91. Cells 
cultured from the papillary epithelium (GRP-MALI MT AL», MDCK, and 
LLC-PK I cells have been shown to have a slow adaption to higher 
osmolarity via accumulation of specific organic solutes l78 . The accumulated 
solutes are the same as those observed in the renal medullaI78.179, supporting 
the homology of this response to the native tissue. In the case of the GRP­
MAL cells, this was shown to be due to an increased expression of 
aldoreductase l8o. 

In the cells of the mammalian proximal tubule, current evidence supports 
the presence of K+ and anion channels which are responsible for osmolyte 

181 183 . + 
loss from swollen cells . In the OK cells, eVIdence sug~ests that K and 
cr channels are also activated in response to cell swelling 5, and cause loss 
of cellular osmolytes (with resultant regulatory volume decrease: RVD)77. In 
these cells, R VD was shown to involve the membrane potential; depolariza­
tio~ was ~oted ~n patch clamp experiments: and R VD was inhibited76 ~i 
vahnomycm (whIch was shown to hyperpolanze the plasma membrane) , . 
These observations suggested that the activation of anion channels must 
either precede or be greater than the activation of K+ channels in order for 
RVD to progress in the OK cell. 

An important aspect of epithelial pH and volume homoeostasis is to 
define the interactions of these 'housekeeping' events with transepithelial 
transport. This has been examined in the OK cell by examining the control 
of volume regulation versus trans epithelial transport81 . In OK cells .. PTH is . . . + + 4779-81 110 11517) 
known to control actlVlty of apIcal Na I H exchange' "', and so 
has been used as a model system to stud~ the PTH regulation of bicarbonate 
absorption in the proximal tubule I8 ,185. In the OK cell, the Na+ I H+ 
exchanger affected by PTH catalysed a large net uptake of osmolytes, but 
this transporter was not activated in response to the cellular need to perform 
regulatory volume increase (RVI) after forced cell shrinkage77,81. However, 
the OK cells were observed to perform RVI and RVD, suggesting that the 
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intracellular regulation of volume regulation was intactSI • Further, PTH had 
no significant effect on the progress of R VI in OK cellssi . This suggested 
that, in this cultured cell model of the proximal tubule, the control of cell 
volume and transepithelial transport are separate. This represents a simple 
solution to the problem of co-ordinating control between these tissue and 
cellular requirements: each transport system only needs to respond appro­
priately to the regulatory signals directing a single physiological purpose. 

Epithelial transport proteins 

The use of cultured epithelial cells has offered an opportunity to identify 
and isolate renal and intestinal transport systems. To date, a variety of 
membrane proteins has been isolated using tissue culture cells which are 
either affirmed or candidate membrane transport proteins from the intesti­
nal and; or renal epithelia. 

Using antibodies directed against the Na+,K+-ATPase, the a and f3 
subunits of the Na+,K+-ATPase have been cloned from A6 (Xenopus laevis 
kidney) cells l86 . Immunofluorescent studies have verified the basolateral 
localization of Na+,K+-ATPase in these cells, and the a subunit was found to 
be of the a-I isoform which is common in kidney basolateral membranes ls6 • 

These antibodies have also been used to follow the conformational matura­
tion and intracellular transport of the Na+,K+-ATPase following induction 

126,127 
by aldosterone . 

Also using A6 cells, Benos et al. have identified and purified a large 
protein complex which has been tentatively identified as the epithelial Na+ 
channel ls7.1ss, This protein complex of 730 kDa may be separated into six 
components by reduction of sulphydryl bonds with mercaptoethanol, but 
not by high salt or urea. Evidence suggests that amiloride, a potent inhibitor 
of the N a+ channel9 binds to only one of these six components l87 . 

Sorscher et al. IS recently used a monospecific polyclonal antibody to 
identify a DIDS-binding protein in TS4 (human colon carcinoma) cells. It 
has been observed previously that disulphonic stilbenes, such as DIDs, are 
effective inhibitors of CI channels in colonic ceUs l90 • Since the antibody 
identifies a single protein on Western blots, and acts at low concentrations 
to block Cl channels ls9 , evidence suggests that this DIDS-binding protein is 
a component of the apical cr channel responsible for transepithelial ion 
secretion. An unusual observation from this group is that the labelled 
protein is observed primaril~ in intracellular vesicles prior to exposure of 
the cell to secretory agonists 9. This suggests that induction of ion secretion 
may require insertion of cr channels into the apical membrane. 

Attempts to label the renal N a + ; phosphate co-transporter with group­
specific reagents have identified several candidate membrane proteins of OK 
(opossum kidney) cells which are labelled by N-acetylimidazole I91 • The 
presence of phosphate can both protect against the inhibition of Na+; 
phosphate co-transport caused by N-acetylimidazole, and can simultane­
ously protect against labelling of proteins of molecular weights 31, 53, 104, 
and 176 kDa. The amount of labelled protein also varied due to exposure to 
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PTH, which is known to regulate the expression of phosphate transport in 
this cellline85,"2-"4, In a comparison with work using native tissue, similar 
labelling strategies applied to membrane vesicles from intestinal tissue 
suggest that a 130 kDa protein is a candidate for a N a+ / phosphate co-

192 
transporter , 

Most recently, Wu and Lever have used a monoclonal antibody to 
identify a 75 kDa protein in LLC-PK , cells which is a candidate for the Na+­
glucose co-transporter I65 , The LLC-PK, protein appears similar in mole­
cular weight to the Na+-glucose co-transporter previously cloned by Hediger 
et al. from native intestinal tissue 193, but awaits further investigation, 

Signal transduction mechanisms regulating transport 

A large number of hormones affect transepithelial transport in the intestine 
and kidney, Based on the observation that many tissue culture cells express 
hormone receptors (see Table 7.4), it is predicted that most cultured cells 
would be valuable systems for studying hormonal signal transduction, 
Unfortunately, the list of systems in which hormonal regulation of transport 
has been demonstrated is shorter (also shown in Table 7.4), In some senses, 
this is reasssuring: when hormonal regulation of transport is demonstrated, 
it is more likely to be due to the expression of a complete epithelial function, 
as it is not expressed in the majority of tissue culture cells, The reasons for 
the presence of an incomplete hormonal response in a particular cell line 
have not been examined frequently, In JTC.12P3 cells (derived from kidney 
cortex), it was observed that N a+ -dependent phosphate transport was 
expressed, and that PTH receptor occupancy was coupled to cAMP 
production85 . However, since no alteration in phosphate transport was 
observed due to PTH (as would have been predicted for proximal tubular 
cells), the results indicated a 'defect' in events 'downstream' from cAMP 
production in the JTC. J 2P3 cell line. 

The ability to control fully the hormonal environment of cultured cells 
has facilitated work to understand several aspects of hormonal signal 
transduction. Three systems have reached an advanced stage in the study of 
hormonal interactions using renal and intestinal tissue culture cells. These 
are the study of PTH effects on phosphate transport and Na+ / H+ exchange 
(OK cells as a model of proximal tubule), aldosterone effect on Na+ 
transport (A6 cells as a model of distal nephron), and VIP regulation of 
transport (T84 and HT29 cells as intestinal models). 

Parathyroid hormone 

In the proximal tubule, PTH has been shown to decrease reabsorption of 
phosphate and bicarbonate '84,'94. In the native tissue, the mechanisms which 
have been implicated are a decrease in the rates of apical Na+ / phosphate co-

. . + + 185 195 
transport, and a decrease m apical N a / H exchange ' . Based on the 
effect of PTH to decrease these same transport reactions in OK cells, several 
laboratories have used the OK cell as a model of the PTH regulation of 
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transport III the proxImal tubule . Vanous aspects of PTH 
action have been investigated. Information suggests that two receptors for 
PTH exist in the OK cell, with differential coupling to adenylate cyclase Ill. 

This is supported by recent data which suggest a physical separation of these 
receptors to the apical and basolateral membrane of OK cells (c. Helmle­
Kolb, M. H. Montrose and H. Murer, manuscript in preparation). The data 
suggest that after receptor occupancy, a number of intracellular events 
occur: increases in intracellular calcium, increases in cAMP and changes in 
phosphatidylinositol turnover85,114. When the PTH concentration depen­
dency of these biochemical events is compared with the PTH concentration 
dependency for regulation of phosphate transport or Na+ j H+ exchange, the 
data suggest that activation of protein kinase C is likely to be the 
physiological mediator of PTH action at physiological (10- 12 mol L- I ) 

. f h h III 114 196 D . h' 'd h concentratlOns 0 t e ormone", esplte t IS eVI ence t at 
diacylglycerolj protein kinase C is responsible for the physiological changes 
in ion transport, direct activation of protein kinase A (with forskolin or 8-
Br,cAMP) can also cause changes in transport, independent of kinase C 

• • &5 111 115 196 If b . I ' f h bId actlVatlOn ' - '. su maXIma concentratlOns 0 p or 0 esters an 
forskolin are combined, no synergistic effect is observed on changes in 
transport85 ,196, This suggests that the different biochemical pathways are able 
to regulate transport independently. If saturating doses of the agonists are 
combined, there is no additional decrease in transport compared with single 
dd" 85113 196 Th' I k f dd" . h h f' I . a ItlOns' '. IS ac 0 a ItlVlty suggests t at t e same Illa target IS 

found in all cases (e.g, phosphorylation of the transporters). The data 
therefore suggest that a number of regulatory cascades can modulate 
transport independently, but that the final target (either a phosphorylation 
site on the transporters themselves or a regulatory protein) is common to the 
different biochemical pathways. 

Aldosterone 

In the distal tubule of the kidney (and in the large intestine), aldosterone is 
known to increase Na+ reabsorption l97 . The response to aldosterone is 
characterized by an initial latent phase (l ~2 h) followed by a graded increase 
in transepithelial short-circuit current over the next 8~1O h. Using A6 cells 
(from Xenopus laevis kidney) as a model system, it has been possible to 
characterize the effect of aldosterone in more detail. Unlike peptide 
hormones, aldosterone and other steroid hormones have no identified 
plasma membrane receptors, and instead act by binding to a cytosolic 
receptor following diffusion across the plasma membrane. In subsequent 
steps, the aldosterone! receptor complex is translocated to the nucleus, and 
DNA transcription is stimulated. Using A6 cells, it has been shown that 
binding of the aldosterone! receptor complex to nuclear membranes has 
both high- and low-affinity components (kd = 85 pmol L I and 16 nmol, LI 
respectively), but that occupancy of the low-affinity receptor is responsible 
for the observed changes in transport l25 . This result is curious with respect to 
native tissue, as it has classically been the high-affinity receptor which is 
responsible for the mineralocorticoid effects of aldosterone, and the 
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low-affinity receptor which is responsible for the glucocorticoid effects l97 . 
Despite this discrepancy, in both A6 cells and native tissue, the changes in 
transport have been shown to be due to increased apical Na+ uptake by an 
amiloride-sensitive Na+ channel, and increased Na efflux via basolateral 

+ + 121 122124-127 
N a ,K -ATPase ., . It has also been shown that aldosterone 
stimulates the rate of synthesis of both subunits of the Na+,K+-ATPase by 
increasing the amount of mRNA produced and that this occurs only during 
the late phase of aldosterone action 126. These results imply that biogenesis of 
the Na+,K+-ATPase is not part of the early events which are mediated by 
aldosterone. 

Vasoactive intestinal polypeptide 

In both the large and small intestine, VIP is known to cause changes in ion 
transport, and is considered a neuromodulator (i.e. it is stored in nerve 
terminals, not enteroendocrine cells). In the native tissue, both anti­
absorptive effects and prosecretory effects of VIP have been noted, 
presumably due to the different cell types which populate the intestinal 
epithelial layer 42,43. In tissue culture model systems, only the prosecretory 
effects have been documented. In T84 and Caco-2 cells, addition of VIP leads 
to ion secretion which has been attributed to increases in the uptake of ions 
by basolateral Na+( K+ I Cl- co-transport and increased cr efflux via apical 

- 4546,159, 60 f> f Cl channels ' . In the T84 cells, the prosecretory elect 0 VIP was 
antagonized by somatostatin 46. In HT29 cells, an effect of VIP on N a+ I K+ I 
cr co-transport has been noted~ but further transport effects of the 
hormone have not been evaluated lO • Ironically, the cell type which has been 
the least characterized with respect to transport effects (HT29) has been 
subjected to the most extensive experiments concerning VIP receptor 
function. In this cell line, different laboratories report that VIP binds to a 
membrane receptor with an apparent affinity for VIP of 1-10 nmol L- I and 

, 150,152153.156-158 a molecular weight between 45 and 70 kDa' , One report also 
suggests that a nuclear receptor (of unknown physiological function) exists 
for VIP, but the aPRarent affinity for VIP was much lower than that 
observed previously I I, As it has been shown that the concentration 
dependency of VIP binding to the cell surface is similar to the concentration 
dependency of cAMP formation, the data suggest that surface receotor 

. d' lId " f d I I 150,152,15'6,158 occupancy IS Irect y coup e to actIVatIOn 0 a eny ate cyc ase , 
Binding of VIP to its receptor is antagonized by the fragment of VIP 
composed of amino acids 10-28 (i.e, amino acids 1-19 were deleted)155, 

In the HT29 cell line, a number of experimental manoeuvres change the 
number of VIP receptors at the cell surface. Exposure of the cell to VIP 
itself leads to a down-regulation of VIP receptors with a tv, of 2-3 min, and 
removal of extracellular VIP causes an increase in VIP binding activity 

h' h d "h . 140,154,157,158 S' '1 1 f w IC oes not reqUire protem synt eSls . Iml ar y, exposure 0 

the cells to phorbol esters or a-adrenergic agonists leads to a simultaneous 
loss of VIP receptors and VIP-stimulated adenylate cyclase activity, without 
decreases in the adenyl ate cyclase activation by either forskolin or cholera 

. 140154,156158 Th d h' I" f hid toxm' " ese ata suggest t at mterna IzatlOn 0 t e receptor ea s 
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to a loss of coupling between adenylate cyclase and the VIP receptor. 
Finally, exposure to cycloheximide (an inhibitor of protein synthesis) results 
in an increase in VIP receptors at the cell surface, but it is unknown if this 
leads to an increase in VIP-stimulated adenylate cyclase '57. A recent review 
discusses these observations in more detail '58. This evidence supports the 
concept that the amount of VIP receptor is dynamically regulated by 
endocytotic events and membrane cycling. 

DISEASE MECHANISMS 

A variety of intestinal cell lines catalyse cr secretion in response to 
secretory agonists (e.g. T84, HT29, Caco-2). This ion secretory response has 
been used as a model system for studying the pathogenesis of diarrhoea, 
because net water secretion is known to follow passively the net secretion of 
solute. The T84 cell has been used extensively for studies which seek to 
examine the direct effect of secretagogues on epithelial cells, independent of 
effects due to submucosal elements which are present in most native tissue 
preparations. Thus it has been possible to examine the direct effects of 
enterotoxins, such as Clostridium difficile toxin A, which has been shown to 
alter tight junctional permeability directly'98, and Escherichia coli heat­
stable toxin (STa), which alters cellular cGMP levels '99. In the latter case, it 
was possible to quantify high-affinity binding sites for STa and to correlate 
cellular binding with intracellular cGMP accumulation20o. The cell line has 
also been used to examine the direct effects of prostaglandins and immune 
mediators on intestinal cells20' , independent of the cells below the epithelial 
layer which are responsible for the synthesis of such compounds. 

In a number of studies, the T84 cell line has been used extensively to define 
the membrane transport mechanisms mediating ion secretion in reSDonse to 

. h' hi' II I I . AMP d GMp45 46 98'.100 199201 agollists w IC a ter mtrace u ar ca clUm, c an c ' , , , , , 
Use of this cell line has defined that the regulatory cascades causing changes 
in these second messengers can operate independently, such that there is no 
additivity at the level of second messenger concentration between agonists 
which specifically affect only one second messenger system I00,199. In contrast, 
it has been demonstrated that there are synergistic effects on transport when 
agonists of different second messenger systems are combined lOo. It appears 
that agents which increase cAMP and cG MP cause activation of both apical 
cr channels and basolateral K+ channels, whereas increases in cellular 
calcium activate additional K+ channels to cause a larger transport effect 'OO, 

The T 84 cell was also central to the recent identification and cloning of the 
gene defective in cystic fibrosis202, This protein is expressed in the T84 cell 
line, presumably as a component of anion transport regulation202. This is 
logical as the function of the intestinal epithelium is affected in cystic 
fibrosis203 and since cr channels in the T84 cell line are regulated by the 
second messengers which display altered function in the disease97. It is 
anticipated that the cell line will be of further use as the function and 
regulation of expression of this protein are examined. Curiously, although 
no defect in renal function has been identified in cystic fibrosis, current 

160 



TRANSPORT PHYSIOLOGY 

evidence suggests that the mRN A encoded by the gene is also expressed in 
kidne/o2• This implies that renal cell lines may also be appropriate model 
systems for the study of the defect in cystic fibrosis. 

SUMMARY AND FORECAST 

Step 1: Supplementing native tissue 

The use of tissue culture cells allows one to ask questions which could not be 
approached using native tissue. The use of tissue culture is imperative in 
studies of intestinal and renal epithelia because of the multitude of cell types 
which can coexist in the epithelial layer, and! or the small amount of tissue 
which may be obtained from an experimental animal or routine clinical 
work. This point has been noted by a number of investigators who have 
used tissue culture to improve control of hormonal environments, perform 
genetic manipulations, and perform biochemical procedures essential for 
answering physiological questions. 

Step 2: Integrating with native tissue 

In many studies, the problem of interpreting the answer obtained from 
tissue culture cells is the compensatory price for the increased power of 
analysis. Ideally, tissue culture cells will express functions specific for the 
originating tissue, but the ideal case has never been found. The most 
successful approach to this problem has been to bracket observations with 
epithelial parameters so that the use of a tissue culture cell may be justified. 
For example, it is considered valid to study the regulatory cascade between 
hormone! receptor interaction and final physiological effect if the investi­
gator has some assurance that the beginning and the end are 'epithelial'. The 
true power of tissue culture is used when it is possible to alternate between a 
tissue culture and native tissue system to utilize the power of each by direct 
comparisons and cross correlations between systems in the same laboratory. 
As yet, this has been accomplished in relatively few systems. To attain this 
goal, it should be possible either to stay within the same species when 
making comparisons (e.g. the aldosterone transport response of A6 cells 
versus distal tubule of frog kidney), or to use molecular probes (specific 
antibodies, nucleotide probes) which can be applied across species boundar­
ies. 

Step 3: Integrating with human tissue 

The use of human tissue culture cells has increased the body of knowledge 
about human cell physiology. Such human tissue culture systems avoid 
species variability in function and drug sensitivity, but maintain experi­
mental versatility and rigour. If such a system can be combined with 
information from human native tissue, as suggested in Step 2, it presents the 
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opportunity to make rapid advances in the understanding of human 
function and disorders. It is predicted that the intestinal system is most 
likely to first reach fruition of these goals, since human colon lines are 
available and biopsies of human colonic mucosa are obtained routinely. 
This quality of information is currently onll established for the cell biology 
of human intestinal microvillar hydrolases4 , mucinlo4 , and villin205 and has 
yet to reach fruition in studies of membrane transport. 
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8 
Established Renal Epithelial Cell Lines: 
Experimental Panacea or Artifact~ 

N. L. SIMMONS 

INTRODUCTION 

Cultured epithelial cell lines derived from renal epithelia have become 
increasingly popular as convenient in vitro models for physiological, 
biochemical and cell biological studies. The most commonly used cell lines 
are MDCK, derived from a dog kidney by Madin and Darby, the LLCPK 1 

line derived from a hog kidney by Hull, and, latterly, OK cells from 
oppossum. The detailed properties oflines and their similarities with different 
portions of the nephron are dealt with by M. Montrose in this volume. It is 
evident that exact correspondence of a cell line to an individual nephron 
segment is unusual; rather, elements of a set of functional characteristics are 
retained in vitro. The purpose of the present chapter is to address the question 
whether such partial differentiation and coupling of properties found in 
diverse nephron segments in a single cell line invalidates their use as 
functional models, or, as is often assumed by workers in the field, provides 
some universal experimental panacea. As a protagonist for cultured epithelia 
for a decade, my own conclusion should never be in doubt; however, caveats 
derived from work with MDCK cell cultures may be useful to newcomers. I 
wish to demonstrate the apparent validity of functional studies with MDCK 
epithelia by describing work over the past 5 years on the action of vasoactive 
intestinal peptide (VIP) upon renal epithelial cells. 

Of central importance to a discussion of cultured epithelial properties is 
that of cellular heterogeneity in non-clonal cultures and the apparent 
discrepancies reported between different laboratories using 'identical' cell 
lines1 •• For LLCPK1, for instance, cloning of phenotypically stable sub­
popUlations yields cells responsive to calcitonin, and also unresponsive 
cells3• MDCK cells were originally established from the kidneys of a 
mongrel dog. The heterogeneous nature of the initial cell popUlation is 
evident in the emergence of strains of MDCK cells with differing physio­
logical properties. It is now evident that two major phenotypes exist. These 
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'epithelia' differ in morphology, transepithelial resistance, hormonal 
responsiveness, antigenic properties, lipid composition etc l ,2, The existence 
of such heterogeneity may be of some importance in studies in which 
'mutant' lines are selected, if selection systems include 'suicide' selection for 
transport systems that are not present in one or more of the cell types 
present (see Popowicz and Simmons4 for an example of this), For the 
present purposes, work was conducted on Strain 1 MOCK cells which form 
'tight' epithelial layers when reconstructed on permeable matrices l . The 
expression of antigenic determinants, recognized by monoclonal anti­
bodies5,", suggests that such strains of MOCK cell line may be useful models 
of distal nephron function. 

STIMULATION OF MOCK CULTURED EPITHELIAL ADENYLATE 
CYCLASE BY VIP AND RELATED HORMONES 

Early studies7 investigated the stimulation of cAMP accumulation in 
MOCK cells by various renal-acting hormones and receptor agonists. 
Prostaglandin E I' glucagon and arginine vasopressin all gave elevations in 
cAMP accumulation greater than two-fold. Parathyroid hormone (PTH) 
and calcitonin were not effective. Later studies on {3-adrenoreceptor­
mediated increases in adenylate cyclase showed significant strain differences 
in hormonal responsivenes{ 

Since we had identified a secretory flux of cr stimulated by both a and {3-
adrenoreceptors in strain I MOCK epithelia9- 11 , we were interested to see if 
vasoactive intestinal peptide (VIP) stimulated MOCK adenylate cyclase l2 as 
this hormone has been imglicated in the regulation of salt balance in the 
secretory organs of sharks· .14 and birds l5 . Strain 1 MOCK cells do indeed 
show a specific stimulation of adenylate cyclase by VIP that is not observed 
with structurally related hormones, such as glucagon, secretin and PHI 
(Figure 8.1). Strain 2 cells show an entirely different pattern of response, in 
that adenylate cyclase is unresponsive to VIP, but responsive to glucagon 
(Figure 8.1). 

The response of Strain I cells to VIP is only a fraction of that observed 
with forskolin; whereas only a 2.2±0.4 (SE, n = the number of separate 
experiments = 5), stimulation over basal values of adenylate cyclase is 
observed with l/lmol L 1 VIP, a 12.6±1.5 (SE, n = 4) fold stimulation is 
observed with forskolin. Is such a disparity due to the existence of a 
sUbpopulation of cells in Strain I responsive to VIP? Table 8.1 shows the 
effects of VI P added in conjunction with other known hormonal agonists of 
adenylate cyclase in MOCK cells. In each case, although the response to 
VIP in conjunction with PGE 1, isoprenaline or vasopressin (AVP) exceeds 
the responses to PGE 1• isoprenaline and vasopressin alone, the observed 
additive responses are less than those expected for separate pools of 
adenylate cyclase. It thus seems likely that the responses mediated by these 
separate hormone agonists share a similar pool of adenylate cyclase. This 
conclusion is strengthened by studies of clonal lines of MOCK cells. The 
clonal line. CLx I h' was isolated from Strain I cells in Kai Simons labor-
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Figure 8.1 A Sensitivity of strain I cells to VIP (e), and lack of responsiveness to glucagon 
(.). 8 Sensitivity of strain 2 cells to glucagon (.) and lack of response to VIP (e). Data are 
the mean ± SE; n=3 for each panel. Half-maximal stimulation of adenylate cyclase to VIP and 
glucagon were 9.0±2.6 nmol L 1 (SO) and 5.8±2.3 nmol L 1 respectively. Measurements of 
adenylate cyclase were made as described by Rugg and Simmons' 

atorl by limiting dilution; the behaviour of this clonal line is similar to the 
parental strain in its responsiveness to VIP and glucagon. The clonal line 
DL'7 differs from Strain 2 in not possessing marked stimulations to either 

x 
VIP or glucagon. 

For five separate experiments in which the sensitivity to VIP was 
determined, the mean half-maximal concentration for adenylate cyclase 
stimulation was 13.7±6.5 nmol L' and the slope factor was 1.19±O.l4, 
consistent with the existence of a single class of receptor sites. The sensitivity 
of Strain I cells to VIP is thus similar to that seen in mammalian small 
intestinal membranes where VIP is involved in the regulation of (Na)CI and 
fluid secretion '6 . Half-maximal activation of Strain 2 adenylate cyclase by 
glucagon was observed at 3.8±1.2 (SE; n=3) nmol L- ' . 

VIP stimulates intracellular cAMP accumulation in intact Strain I cells 
grown in plastic Petri dishes. In the presence of isobutylmethylxanthine 
(IBMX) to inhibit phosphodiesterase, cAMP levels reach a peak at 4 mini, 
VIP (lllmol L I) increases cAMP accumulation from 3.8±O.25 pmoi/IO 
(±SD;n = number of replicate cultures, 3) cells to 19.6±2.9 pmol/I06 cells. 
Comparison of peak values for cAMP accumulation observed with VIP and 
other hormonal agonists with data from adenylate cyclase determinations in 
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Table 8.1 Effect of VIP (I Jlmo! L ') alone, and in conjunction with maximum concentrations 
of other hormone agonists. on strain I MDCK adenyl ate cyclase activity. Data are the 
mean±SE (n=3) 

10 5 moll L 1 isoprenaline 
10 6 mol/L 1 PGE, 
10' mol/L 1 ADH 

Adenylate cyclase activity 
(pmo! cAMP (mg protein) 1 (10 min) 1 

No addition + 1 Jlmol L 1 VIP Expected additive activity 
with I Jlmol L 1 VIP 

26.8 ± 0.9 
78.8 ± 1.9 
45.5 ± 2.1 
34.2 ± 2.1 

54.8 ± 2.2t 
90.0 ± 2.1* 
62.5 ± 5.6t 
55.5 ± 1.9* 

106.8 
73.5 
62.9 

Significantly diflerent from values in absence of I Jlmol L 1 VIP: *p <0.05; tp <0.01 

cell homogenates show qualitative differences; VIP-dependent accumula­
tions, in cells grown on plastic, are still increasing at 10 /lmol L-' VIP and 
are smaller than those observed with PGE,. This most probably indicates 
considerable restriction of VIP diffusion to the basal-lateral surfaces, even 
with the use of subconfluent layers. Restriction of amino acid permeation to 
the basal-lateral cell aspects has been notes in cultures of LLCPK, cells 
grown in plastic Petri dishes'7. 

PHYSIOLOGICAL CORRELATES OF VIP ACTION UPON STRAIN 1 
CELLS 

MDCK cells may be grown upon permeable filter supports. In this way, it is 
possible to reconstitute a viable epithelium. Figure 8.2 shows an electron 
micrograph of Strain 1 cells grown on a 0.2 /lm pore diameter Millipore 
filter. The cells are morphologically polarized and exclude La3+ penetration 
across the apical tight junction. Strain 1 cells and the clonal line derived 
from Strain 1, CLslb' possess epithelial characteristics that are entirely 
similar, i.e. low transepithelial conductance, and transepithelial ion trans­
port principally of anion (cq secretion stimulated by various agonists, such 
as adrenaline, A TP and prostaglandins '8 20. The observation of a VIP­
responsive adenylate cyclase allows us to look for physiological correlates of 
VIP stimulation in epithelial layers of MDCK cells grown upon permeable 
millipore filter supports. Addition of 0.3 /lmol L' VIP to the basal-lateral 
bathing solution of short-circuited MDCK epithelial monolayers results in 
the stimulation of an inwardly directed current (Figure 8.3). For four 
separate epithelia whose resistance was 2.8±!.7 kQ.cm2, the basal inward 
short-circuit current (0.82±0.62 /lA/ cm2 SO) is increased at peak values to 
2.9±0.3 /lAj cm2. Glucagon fails to stimulate the short-circuit current. That 
the VIP-stimulated inward current is most probably due to CI secretion 
(from basal to apical cell aspects) is evident from the data in 

176 



ESTABLISHED RENAL EPITHELIAL CELL LINES 

Figure 8.2 A Strain I MDCK cells grown upon a millipore filter (x 10 000). A sparse brush­
border is evident; Is = lateral space, mp = millipore filter. B High power (x 100 000) of the 
apical tight-junctional region. Note the glycocalyx (arrows) and the lateral space inter­
digitations (circled). C Lack of penetration of the tight junction by the tracer molecule, La)', 
perfused in situ in U ssing chambers (x 50 000) 

Figure 8.3 which demonstrates that the increased inward current is insensi­
tive to replacement of the apical bathing solution Na+ by choline+, by the 
presence of 0.1 mmol L' amiloride, and by the abolition of the inward 
current by replacement of the medium cr by N03-. In addition the effect of 
the Cl-channel blocker, 3-nitro-2-(3phenylpropylamino )-benzoic acid21 was 
tested from the apical bathing solution and was found to produce a rapid 
inhibition of the VIP-stimulated inward current (Figure 8.3). These data are 
thus consistent with the notion that VIP also stimulates anion (Cr) 
secretion. 

It is of interest to compare the magnitude of the VIP-stimulated short­
circuit inward current with that of other agonists. Inward currents generated 
by adrenaline and by exogenous A TP exceed those observed with VIP \ or 
with prostaglandins) often by an order of magnitude (present data9. 'o. \ 
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Figure 8.3 Effects of 0.5 !-lmol L I YIP upon the short-circuit current of MOCK epithelial 
layers clamped into Us sing chambers. At arrow a, VIP was added to the basal bathing solution 
to give a final concentration of 0.5 !-lmol L I YIP. (0), control data; (0) plus 0.1 mol L I 

amiloride added to the apical bathing solution; (+) N a' -free media (choline' CI replacement, 
other Na' salts omitted), apical bathing solution; (6) CI-free media, Cl salts replaced by NO) 
salts; (T) control until arrow at b when 100 !-lmol L I 3-nitro-2(3-phenylpropylamino)-benzoic 
acid was added to the apical bathing solution. Data are representative from individual 
monolayers. Preparation of epithelial monolayers and measurement of short-circuit current are 
described in references I and 19 

For stimulation by adrenaline, both a- and ,L3-receptor activation is required 
to achieve maximal secretory inward currents. ,L3-Adrenoreceptor stimula­
tion resulting in increased intracellular cAMP is thought to activate apical 
cr conductance via protein phosphorylationR1o , whereas a-adrenoreceptor 
activation leads to an increase in cytosolic Ca2+, so increasing a K+ 
conductance at the basal-lateral membrane9,11. Coupled with the operation 
of an electro neutral ternary co-transporter for Na+, K+ and cr and the Na+ I 
K+ I-ATPase, transepthelial secretion is achieved20 • When pure a-agonists 
and pure ,L3-agonists are used9, the following observations are pertinent: first 
there is synergism of the effects of a- and ,L3-agonists in conjunction9 and, 
second, ,L3-agonists do not stimulate a significant activation of K+ efflux 
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911 
across the basal~lateral cell aspects' . Measurements of membrane 
potential and of free Ca2+ in MDCK cells confirm this separation, namell 
cAMP activates CI conductance, and Ca2+ activates K+ conductance22,2 . 

However, it should be noted that both .B-adrenoreceptor activation and 
cAMP have been reported to lead to a slow sustained rise in intracellular 
Ca2+ in MDCK cells22,24, suggesting that both increases in cAMP and 
intracellular Ca2+ are involved even in submaximal stimulation of anion 
secretion. In addition, secretagogues, such as a-adrenoreceptor agonists and 
adenosine triphosphate may cause endogenous production of prosta­
glandins23 . Synergistic activation of inward current may also involve 
additional intracellular messengers, such as diacylglycerol and inositol 
phosphates. For VIP activation of anion secretion, it seems clear that 
primary changes in cAMP and activation of the apical Cl conductance are 
attained without marked synergistic interactions with other second 
messengers. 

ACTION OF VASOACTIVE INTESTINAL PEPTIDE AND GLUCAGON 
UPON CANINE RENAL ADENYLATE CYCLASE 

The possibility suggested by the data from work on MDCK epithelia is that 
VIP may regulate renal epithelial function by stimulation of the second 
messenger cAMP. Various studies have looked for effects of VIP upon renal 
function in several species, including man. Thus~ infusions of VIP affect 
renal haemodynamics and the release of renin228 . In addition to these 
effects, there is also evidence for direct effects of VIP upon tubular transport 
. d d f I h d . 25,29 1ll epen ent 0 rena aemo ynamlcs . 

With these considerations in mind, it was considered worthwhile to turn 
to in vitro studies of renal tissue to substantiate direct renal actions of 
VIP. We have thus investigated the actions of VIP and glucagon on canine 
renal adenyl ate cyclase. Glucagon action upon renal adenylate cyclase has 
been demonstrated and its tubular sites of action mapped along the rat 
nephron30 • Table 8.2 demonstrates that both 1 f!mol L- VIP and glucagon 
produce significant elevations of adenylate cyclase activity above basal 
values in plasma membranes isolated from canine cortex. Such stimu­
lations are a small fraction of that observed with either forskolin or 
parathyroid hormone (PTH) (Table 8.2). In plasma membranes isolated 
from the outer and inner medulla, the stimulation by PTH declines, no 
significant stimulation being observed by PTH in the inner medullary 
membranes. This distribution of PTH-stimulated adenylate cyclase is 
entirely consistent with the mammalian pattern of nephron-segment 
stimulation by PTH 30 . In contrast to the effect of PTH, the elevation of 
adenylate cyclase activity observed with both VIP and glucagon is main­
tained (Table 8.2) in all three regions dissected from the canine kidneys. 
A dose-dependent stimulation of canine renal adenylate cyclase by VIP 
is observed. Half-maximal stimulation was estimated at l8.1±14.0 
nmol! L 1 (±SE; n=3), a value comparable to that observed for rabbit 
small intestine 16. Detailed analysis of VIP dose~response curves, 

179 



EPITHELIA 

Table 8.2 Stimulation of canine renal adenylate cyclase by VIP, glucagon and PTH in plasma 
membranes isolated from cortex, outer medulla and inner medulla 

Adenylate cyclase activity 
(pmol (mg) I (15 min) I for basal; fold activity for stimulations) 

Cortex Outer medulla Inner medulla 

Basal 94.5 ± 23.3 (4) 142.8 ± 15.8 (3) 181.1 ± 10.0 (2) 
[ 1.0] [ 1.0] [1.0] 

I Ilmol L I VIP 1.71 ± 0.16(4) 1.57 ± 0.09(3) 1.50* 
I Ilmol L I glucagon 1.89 ± 0.18(4) 2.34 ± 0.28(3) 1.47* 
1 Ilmol L I b(l-34) 
PTH 7.0 ± 2.8 (3) 1.35 ± 0.04(3) 1.15"' 
100 Ilmol L I 

forskolin 15.40 ± 4.56(4) 7.54 ± 1.52(3) 6.20 

Data are expressed relative to basal values, and are mean values ± SE 

Figures in parenthesis give n, the number of separate experimental animals, where measure­
ments of adenyl ate cyclase were made in triplicate 

Significantly different from basal values in the two individual experiments: *p <0.01; n.s. = not 
significant 

however, indicates slope factors 31 less than unity (0.4S±O.l7 SD; n=3). 
Pep tides related to VIP and glucagon were also tested at I llmol L-1 for 
their ability to stimulate renal cortical adenylate cyclase activity; whereas 
both VIP and glucagon gave marked elevations of activity above basal 
values (283±11 and 178±68 pmol cAMP (mg proteinrl (1S minrl 
respectively, SD; n=3), PHI and secretin gave smaller elevations (87±14 and 
S2±28 pmol cAMP (mg protein) 1 (1S mint, respectively). The VIP­
receptor antagonist (4-CI,D-Phe 6 ,Leu 17)_ VIP 2 failed to stimulate canine 
renal cortical adenylate cyclase activitr at 10 !lmol L-1 (O.76±O.08 times 
basal activity, SD n=3). At I llmol L VIP, a 1.7S±O.37 (SD n=3) fold 
stimulation of adenylate cfclase activity was reduced to a 1.32±O.09-fold 
stimulation by 10 Ilmol L- (4-CI,D-Phe6,Leu I7)-VIP. In contrast, (4-CI,D­
Phe6,Leu17)_ VIP was without inhibitory effect upon the stimulation 
observed by I Ilmol LI glucagon; indeed the effect of glucagon was 
enhanced. 

[l25I]IODOTYROSYL VIP BINDING TO CANINE CORTICAL PLASMA 
MEMBRANES 

Figure 8.4 shows the effect of increasing concentrations of VIP and 
glucagon upon their ability to compete with [12sI]VIP for binding to renal 
cortical plasma membranes. Whereas VIP is an effective competitor, 
glucagon was without effect. Other peptides were also tested for their ability 
to compete with [i2SI]VIP; secretin (1 Ilmol L \ PHI (1 Ilmol L- 1), (4-
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Figure 8.4 A Competition of ["'IjVIP binding (80 pmol L ') by unlabelled VIP (e). or 
glucagon (..t.) in canine renal cortical plasma membranes. Data are the mean±SE (n=3). Non­
specific binding of ['21IjVIP was assessed by the inclusion of 1 limol L I unlabelled VIP and 
amounted to 48% of the total binding observed with 80 pmol L I ["'IjVIP. Bound ["'IjVIP was 
separated by rapid filtration and washing. B Scatchard plot of specific binding data derived 
from A. A non-linear least-squares fit of binding vs concentration for 2 binding sites of Ku, 
2.1 nmol L I and Bm" 181 fmoll mg protein, and Ko, 2.2x Wi mmol L I and Bm" 6436 fmoll mg 
protein gives the solid line shown 

Cl,DPhe6,Leu '7)-VIP (10 Ilmol L I) and VIP (lllmol L- ') gave 96%, 83%1 
26~ and 35.5% respectively of that binding observed with 80 pmol L­
[12 I]VIP alone. Analysis of specific binding data (Figure 8.4b) indicates that 
the Scatchard curve is markedly curvilinear, suggesting that ['25I]VIP 
interacts with more than a single set of sites in canine renal cortical plasma 
membranes. Taken together with the data from measurements of adenyl ate 
cyclase, this data is consistent with the existence of a VIP receptor coupled 
to adenylate cyclase present in canine kidney and distinct from effector 
systems responsive to glucagon. 

Thus, in membranes isolated from canine renal cortex, separate responses 
to the structurally related peptides, VIP and glucagon, can only be inferred 
from the use of a receptor antagonist to VIP and by ['25I]VIP binding, 
whereas separate responses to glucagon and VIP are segregated into 
separate strains of the cultured MDCK dog kidney cell line. 

These data showing that VIP may stimulate adenylate cyclase in plasma 
membranes isolated from canine kidneys, extend previous observations 
made in rabbits33 and cats34, and suggest that VIP may indeed have a role as 
a renal-acting hormone in several mammalian species. As with rabbit and 
cat, half-maximal stimulation of adenylate cyclase occurs in a dose range 
that far exceeds the measured values of plasma VIP in mammals. For this 
reason, it is likely that VIP is released from renal nerves (see below). Further 
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work needs to clarify the intrarenallocus of VIP-sensitive adenylate cyclase 
in dogs, and to determine the precise physiological actions of VIP. 

THE TUBULAR LOCUS OF VIP-STIMULATED ADENYLATE CYCLASE: 
STUDIES USING MICRODISSECTED NEPHRON SEGMENTS 

Data which demonstrate VIP stimulation of adenylate cyclase in purified 
plasma membranes do not differentiate between effects on vascular rather 
than tubular elements. In rabbit, separations of glomeruli by magnetic iron 
oxide trapped in preperfusions, enabled us to establish that VIP stimulated 
glomerular adenylate cyclase33 . Whether other elements of the renal vascular 
tree are also responsive to VIP is not yet known. In addition, adenylate 
cyclase activity in tubular material from cortex, and in fractionated 
medullary tubules, was stimulated by VIP33. We have been extremely 
fortunate to be able to extend such observations by determining the action 
of VIP upon adenyl ate cyclase activity in defined microdissected segments 
of the rabbit kidney tubule in collaborative studies conducted in Professor 
Morel's laboratory in Paris35 37. 

Figure 8.5 shows the distribution of the basal and VIP-stimulated values 
of adenylate cyclase along the rabbit nephron. The pattern of basal activities 
(in the presence of 10 ~mol L 1 GTP) shows low values in most nephron 
segments except in the distal tubule (especially DCT g) and the cortical 
collecting tubule. 

Highly significant elevations of adenylate cyclase by I ~mol L 1 VIP in 
the presence of 10 ~mol C l GTP were observed in DCTb, OMCTo and 
OMCTi (p <0.005 for all 3 segments). A clear gradient of adenylate cyclase 
responsiveness to I Ilmol L 1 VIP exists along the collecting duct since the 
cortical portion (CCT) was unresponsive whilst only a 2.S-fold stimulation 
over basal values was observed in the OMCTo compared with the 7.8-fold 
stimulation observed on OMCTi segments. The absence of any effect 
obtained with VIP in CCT was substantiated by the large stimulation of 
adenylate cyclase by arginine vasopressin (A VP) (0.1 ~mol L I) observed in 
parallel measurements (7.3-fold; n=7 experiments). The stimulation by VIP 
in DCTg, though being of quantitative importance second only to DCTb for 
all segments studied, represents only a 2.0-fold stimulation over the high 
basal values. In 2 of the 8 experiments conducted, no significant increase 
over basal values was observed. 

In TDL, 1 ~mol L 1 VIP produced a significant stimulation of adenylate 
cyclase activity (p <0.05) in two of the six experiments conducted. When 
present, this stimulation was of limited magnitude. For the pooled experi­
mental data, VIP action did not reach a statistically significant level (basal 
24.3±4.9 (SE) fmol cAMP mm 1 (30 min)l, n=6; VIP 49.S±Il.l; 
0.05 <p <0.1). In CAL, a significant increase in adenylate cyclase activity 
was observed in 3 out of the 4 rabbits tested, the mean value of adenylate 
cyclase rising from 13.8± 1.1 fmol cAMP mmor l (30 min) 1 (SE, n=4) to 
only 2S.I±l.S (p <0.001) in the presence of I ~mol L 1 VIP. No effect of 
VIP was observed in the other nephron segments. 
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Figure 8.5 Distribution of VIP-sensitive adenylate cyclase along the rabbit nephron. The ten 
different segments tested are illustrated schematically; abbreviations used are: PCT, proximal 
convoluted tubule; PR, pars recta; TDL, thin descending limb; MAL, medullary thick 
ascending limb; CAL, cortical thick ascending limb; DCTb, the 'bright' portion of the distal 
convoluted tubule; DCTg, the granular portion of the distal convoluted tubule; CCT, the 
cortical collecting tubule; OMCT, outer medullary collecting tubules from the outer (0) and 
inner (i) stripes. Data are the mean±SE for n separate animals. Figures above the error bars 
denote the mean-fold stimulation over basal values in these segments. p <0.05 

The magnitude of the VIP action on adenylate cyclase in CAL, DCTb, 
DCTg and OMCTi to that produced, in the same animals, by other 
hormone agonists known to stimulate adenylate cyclase in these segments 
was determined38-40.64. The effect of VIP upon adenylate cyclase in individual 
responsive segments was substantial, representing 25% of the response to 
salmon calcitonin in DCTb, 26% of that to parathyroid hormone in DCTg 
and 38% of that to A VP in OMCTi. In contrast for CAL, the VIP effect 
represented only 4.4% of that produced by calcitonin. 

The dose dependence of VIP stimulation was investigated in the main 
responsive segments, i.e. DCTb and OMCTi. For three separate dose­
response relationships obtained with OMCTi, the mean value of half­
maximal stimulation of adenylate cyclase by VIP was 25.9±IO.1 nmol L-1 

(SO). For OCTb, half-maximal stimulations of adenylate cyclase by VIP 
were observed at 17 and 20 nmol L I. This is similar to that value for renal 
cortical plasma membranes (see above and reference 33) and for rabbit 
intestinal basolateral membranes and enterocytes l6 • Significant elevations of 
activity above basal values were observed at 10 nmol L-1 in both OCTb and 
OMCTi. Marked effects of VIP upon renal function in rabbits are seen 
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when plasma infusions of VIP raise plasma levels to the range of 
0.8~2 nmol L- 1 25. 

The effects of related peptides to VIP on adenylate cyclase were tested on 
OMCTi. VIP is the most effective of the peptides tested whilst PHI, secretin 

1 
and glucagon have less or no effect (all tested at 1 Jlmol L ). PHI gave a 
dose-dependent stimulation, lower fold stimulations being observed in 3 
experiments at 0.1 Jlmol L- 1 PHI (1.9-fold) compared with 1.0 Jlmol L-1 

PHI (2-9-fold). In 4 separate experiments with rabbit OMCTi, the response 
1 

of adenylate cyclase to I Jlmol L PHI was 47% of the response to 
I Jlmol L-1 VIP. 

In assessing whether the observed effects on adenylate cyclase represent a 
likely physiological action of the hormone in vivo, rather than a pharma­
cological effect, several criteria should be satisfied: first a distinct pattern of 
stimulation of adenylate cyclase along the nephron should be evident; 
secondly, the magnitude and dose dependence of adenylate cyclase stimu­
lation should accord with that observed in other tissues or with known 
actions of VIP in the target tissue; and, finally, specificity should be 
displayed with respect to structurally-similar hormones. As outlined above, 
these criteria are indeed satisfied. 

IS VASOACTIVE INTESTINAL PEPTIDE RELEASED FROM RENAL 
NERVES? 

As already mentioned, the dose~response relationship of VIP activation of 
renal (or tubular) adenylate cyclase renders it extremely unlikely that 
circulating plasma levels of VIP functionally activate the receptor in renal 
tissue. It should be recalled that the reported circulating plasma VIP 
concentrations are only of the order of 10 pmol L- 1 25,41, i.e. a value about 
1000-fold lower than those producing marked renal effects25 • VIP activates 
adenylate cyclase which is functionally contained within the basal~lateral 
membranes of renal epithelial cells33 (see also the action of VIP on MDCK 
epithelia from the basal surfaces, above). Concentration of plasma-derived 
VIP to functionally active levels within the kidney in the interstitium must 
be considered an extremely unlikely possibility. What then is the cellular 
origin of VIP which activates renal adenylate cyclase in cortical (DCTb, 
DCTg) as well as medullary segments (OMCTi, OMCTo)? A physiological 
action of VIP almost certainly requires intrarenal VIP release, most 
probably from nerves. 

Several studies have addressed the question of VIP immunoreactivity in 
kidneys from several species, but not the rabbit. Positive findings have been 
reported in rat, guinea pig, dog, pig and tupaia kidneys 42-44. The occurrence 
of VIP in the kidney of mammals thus appears to be a general phenomenon. 
In broad terms, VIP immunoreactivity parallels the renal arterial system, 
forming a perivascular plexus 44. Earlier studies in dog reported similar 
findings, VIP-positive immunoreactivity being localized in the region of 
arcuate and interlobular arteries and, in some cases, in proximity to 
glomeruli42 . There was no report of outer medullary VIP-positive immuno-
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reactivity. These findings of VIP immunoreactivity in dog have, however, 
been questioned by others28 . In rat, VIP-positive immunoreactivity was 
considered sparse and associated mainly with vascular elements43 • Clearly, it 
is necessary to look for VIP immunoreactivity in rabbit kidney, special 
attention being focussed on the interstitium that adjoins the tubular segments 
sensitive to VIP, identified by our own work on microdissected segments. 

SPECIES VARIATION IN THE RESPONSE OF RENAL ADENYLATE 
CYCLASE TO VIP 

Species variation in the relative effects of VIP-family peptides upon renal 
adenylate cyclase, is evident. In dog, rabbit and cat renal membranes, 
stimulations are observed. However, in rat isolated plasma membranes, we 
have found little or no stimulation by VIP but pronounced effects of 
glucagon. In studies of isolated microdissected segments we have also been 
able to confirm previous observations on rat and rabbit OMCTi which 
demonstrated an absence of marked actions of VIP on adenylate cyclase in 

30,35 . • 3545 
the rat and the absence of a marked glucagon effect 1ll the rabbIt . . In 
the cat65 , the tubular locus of VIP action is similar to that found in the 
rabbit but, in other responsive species, it is not yet known if the tubular 
distribution matches that observed in rabbits. In the dog and rat, a VIP 
effect in the outer medullary collecting tubule has been reported66 • 

Taken together, the absence of effects of VIP on renal adenylate cyclase 
but the presence of the effect of VIP infusions in isolated perfused rat 
kidne/9 are therefore consistent with a primary action on the renal 
vasculature and secondary actions on the tubules. 

Recently, we have been able to demonstrate a substantial VIP stimulation 
of adenylate cyclase in plasma membranes prepared from human renal 
cortex. Tissue samples were obtained from nephrectomy samples from 
patients undergoing surgery for hYEernephroma and ureteric tumours but 
which were morphologically normal 6. This work substantiates earlier reports 
of effects of VIP infusions upon renal function in normal volunteers 47. 

THE PHYSIOLOGICAL ROLE OF VIP IN THE KIDNEY 

In our own studies on VIP-stimulated adenylate cyclase in rabbit kidney, we 
can identify both vascular and tubular sites of action. Regulation of renin 
secretion by VIP has received considerable attention, though a physiological 
role, at least in dogs, awaits elucidation28 • The physiological consequences 
of VIP-stimulated adenylate cyclase in each responsive tubule segment in 
the rabbit have not yet been defined. 

Dimaline, Peart and Unwin25 have investigated the effects of plasma 
infusions of VIP upon renal function in conscious rabbits. In these studies, 
secondary responses arising from reflex sympathetic activation following 
peripheral vasodilatation are evident. With high doses of VIP infusion 
giving plasma VIP concentrations in the order of 0.8-2 nmol L I, there 
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were VIP-dependent increases in plasma renin and increased fractional 
excretions of Na+, K+ and Cr. In addition, there was a fall in urinary pH, 
consistent with a regulation of H+ secretion. 

Recent experiments carried out in rabbit isolated OMCTi have demon­
strated that 8-bromocyclic AMP and forskolin increase H+ secretion48 . On 
the basis of data available in the literature 49, the authors proposed that the 
cellular mechanism involved in the stimulation of proton secretion was an 
increase in the chloride conductance of the basolateral membrane. It is well 
known that urinary acidification occurs in the intercalated cells (t¥fe A) 
which, under normal conditions, predominate in the outer medulla . The 
localization of this granular cell type corresponds exactly to that of the 
VIP-sensitive adenylate cyclase along the collecting tubule, as shown in our 
own stud/5 (Figure 8.5). We therefore suggest, as a working hypothesisg 
that VIP may participate in the regulation of proton secretion, via cAMP4 
in the rabbit. Such a hypothesis is related to the VIP-dependent stimu­
lation of CI secretion in MDCK epitheliallayers12 and T84 cells51 as well as 
in the isolated shark rectal gland 13,14. VIP has also been proposed to 
stimulate a Cl -HC03 exchange in the turtle urinary bladders. Experi­
ments on isolated perfused OMCTi are of course necessary to substantiate 
and characterize the possible role of VIP in urinary acidification. The role 
of VIP in regulation of ion transport in the other responsive segments 
(DCTb and DCTg) is unknown. It should be stressed that physiological 
studies in these sgements are few and are complicated by the difficulties 
encountered in microdissection and micro perfusion. There is cellular 
heterogeneity in DCTg and responses to VIP and PTH may not be 
associated with identical cells. In DCTb, there is cellular homogeneity at 
the morphological (EM) level and both calcitonin and VIP may stimulate 
the same pool of adenylate cyclase. Structural studies have shown marked 
compensatory changes in the DCTb and DCTg when animals are salt 
loaded53 . With high-Na and low-K diets, there are marked increases in 
basolateral membrane area and Na+jK+-ATPase activity in the DCT cell 
(DCTb). Such an alteration is thought to be due to increased Na+ load at 
the DCT and increased NaCI absorbtion53 . An alternative suggestion, 
equally compatible with the physiological condition, is that of salt secretion 
(as is observed with MDCK epithelium). 

In the periphery, VIP is usually contained in cholinergic nerves. Whether 
this is the case in renal nerves is unclear. It has recently been reported that 
MDCK cells possess receptors for bradykinin54,55 and acetylcholine56 that 
produce activation of K+ conductance by release of Ca2+ from intracellular 
stores or by increased Ca l

+ influx into the cell. It will thus be of some interest 
to examine the effects of such agonists upon inward current (Cr secretion) 
when used in conjunction with such agonists as VIP or prostaglandins that 
activate intracellular cAMP accumulations. Such interactions between 
kinin and cAMP-stimulated CI secretion (inward current) have indeed been 
observed in primary cultures of pig renal papillarv collecting tubule cells57 . 

R I · f' f I d' 58 60 k' . 61,61 d VIp2's' . • bl ena III USlOns 0 prostag an illS ,IllIllS an are Illvana y 
associated with increased urinary Na+, Cl and K+ losses. It is interesting to 
speculate that such stimuli may produce such natriuresis and kaliuresis, in 
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part, by a renal tubular mechanism similar to that observed in MDCK 
cultured epithelium. 

The interactions between 'natriuretic' stimuli at the level of the MDCK 
epithelial cell emphasize the potential difficulty in interpreting renal 
perfusion data solely from the effects of single agonists where synergistic 
effects may be of considerable importance and where intrarenal hormones 
may exert a background 'tone'. 

CONCLUDING COMMENTS 

The precedents for VIP as a neurohormonal activator of NaCl secretion 
(balance) in vertebrates are several; the most well-known examples are in 
the shark rectal gland 13.14 and in the salt glands of birds l5 • In addition, 
secretory NaCl and volume flow is characteristic of renal tubules in the 
shark, flounder and killifish63 • The cellular mechanisms that underly such 
secretions are similar to that observed in MDCK epithelium. It would 
indeed appear perverse if evolutionary processes had stripped mammalian 
kidneys of a potentially useful mechanism for excreting salt in excess of 
requirements. 

It is evident that VIP regulation of secretion in MDCK epithelium has 
suggested avenues of enquiry that have established VIP as a renal acting 
neurohormonal agent in mammals. Though we cannot draw exact parallels, 
it might well be the case that the cultured 'model' might indeed be a very 
faithful analogue. Panacea or artifact, the jury is still out! 
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Section IV 
RESPIRATORY EPITHELIA 



Introduction 

The respiratory section of the book contains four chapters, the first of which 
by Peter Jeffery presents an overview of the structure, putative functions 
and proliferative potential of the principal cell types comprising the 
conductive and respiratory epithelia of the mammalian lung. There is also a 
discussion of submucosal glands and autonomic nerves. A recurrent theme 
of the chapter is a consideration of the effects of pathological change 
associated with asthma, carcinoma and, particularly, cystic fibrosis (CF). 
The basic lesion in CF is described and the subsequent effects on cell 
structure and function, autonomic control, mucociliary clearance and lung 
infection are discussed. 

The chapter by Michael Van Scott, James Yankaskas and Richard 
Boucher presents a model for transepithelial ion transport in the airway and 
compares the ion-transporting properties of cultured canine and human 
airway epithelial cells with those of intact tissues. Parameters compared 
include transepithelial potential difference (V t), short-circuit current (lsJ, 
conductance (G t), apical and basolateral membrane potential (Va and Vb) 
and fractional resistance (fR.). In the dog, regional differences are con­
sidered when the bioelectric properties of cultured tracheal and bronchial 
epithelial cells are compared, together with their responses to amiloride and 
isoproterenol (isoprenaline). In the human case, the authors compare the 
bioelectric properties of normal nasal epithelia, both freshly-excised and 
cultured, with those from patients with cystic fibrosis (CF). Cultured human 
airway epithelial cells display similar bioelectric properties to those of intact 
tissue with the exception that Isc and Gt are lower in culture. Marked 
differences are observed between normal and CF nasal epithelia in VI' Isc 
and Va' and these differences are perpetuated in culture. The authors 
conclude by reviewing some of the recent advances in the establishment of 
cell cultures from airway epithelium, in particular the establishment of cell 
lines and the culture of Clara cells. Cell lines are proving of particular value 
in cystic fibrosis research. 

The chapter by John Gatzy, Elaine Krochmal and Stephen Ballard 
compares solute transport across fetal and adult airway epithelia and 
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addresses the problems in studying transport in alveoli. Beginning with a 
review of alveolar structure, the authors identify several approaches 
designed to achieve a greater understanding of alveolar function in the face 
of obvious practical difficulties associated with the tissue architecture. 

The relationship between CI and Na+ movement and fluid transport 
across pulmonary epithelium is compared in fetal, prenatal, neonatal and 
adult epithelia. In the liquid-filled fetal lung, secretion of fluid into the 
lumen is driven largely by cr secretion whereas the fluid-absorptive 
process, which begins to supplant liquid secretion shortly before birth, is 
associated with active Na+ absorption. The developing capacity for absorp­
tion spreads from distal to proximal structures. The authors describe studies 
of alveolar epithelium in fluorocarbon-blocked adult lobes where they 
conclude that Na+ is actively transported but that this does not make a 
major contribution to fluid absorption. An opportunity to study maturation 
of the alveolar epithelium is provided by submersion culture of explants 
from different regions of the fetal lung. The cells in culture secrete cr -rich 
fluid at a rate similar to that estimated for native epithelium and this persists 
in spite of maturing cell morphology. 

Jeffrey Smith addresses the biophysics and regulation of ion channels in 
cultured airway epithelial cells. He also includes useful introductory sections 
on mucociliary clearance and electrophysiological theory. The transport of 
K+, Na+ and Cl provide the main emphasis of the chapter, with particular 
focus on Na+ and Cl whose transport is abnormal in CF airway epithelium. 
Na+ transport is enhanced, the mechanism of which remains unknown. cr 
shows reduced permeability in CF and the normal activation of apical cr 
channels by protein kinase A- and protein kinase C-dependent mechanisms 
is defective. Non-physiological means of activating cr channels, by mem­
brane depolarization, increased ambient temperature and exposure of the 
cytosolic membrane surface to trypsin, are preserved in CF, suggesting that 
the channel conductive properties are patent and that the abnormality lies in 
regulation. The chapter concludes with a discussion of the CF gene product 
(CFRT), whose recent discovery opens up new approaches to the study of 
channel regulation and permits the identification of those cell populations 
expressing the gene. 

See note added in proof on p. 288. 
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9 
Form and Function of Mammalian 
Airway Epithelia 

P. K. JEFFERY 

INTRODUCTION 

The normal epithelia lining the airways of the lung consist of many 
morphologically distinct cell types often with distinct, but sometimes 
overlapping, functions (see Table 9.1). In disease: (1) the integrity of the 
epithelium may be compromised such as in asthma, leading to a hyper­
responsive airway; (2) in carcinoma, malignant transformation of specific 
epithelial cells may give rise to tumours of differing histological phenotype, 
each associated with different response to treatment; and (3) inappropriate 
alteration in the movement of ions and macromolecules can lead to altered 
transepithelial water flow and drying of airway secretions with increased 
susceptibility to colonization by bacteria. The possible aberrations of 
epithelial function are many and for the purposes of the present chapter 
emphasis will be placed on the normal and, by way of example, the 
epithelial abnormality in cystic fibrosis, a condition in which there has been 
much recent progress. 

Cystic fibrosis (CF) is the commonest fatal inherited disease in Caucasian 
populations and affects approximately 1 in 2000 births. The lungs, sweat 
and salivary glands and pancreas are the body organs classically involved 
but the extent of involvement of the lung and its progressive deterioration, 
due to repeated infection, are critical to the eventual fatal course of the 
disease. The epithelia of several body organs in CF have, in common, 
defects of electrolyte transport1.2, i.e. defective permeability to the chloride 
ion (cq and less commonly alterations of sodium (Nat) absorption, both of 
which are discussed in Chapter 10 by van Scott et al. The defects of 
epithelial ion translocation which are mirrored by altered electrical potential 
across epithelia are thought to be responsible for the low water content of 
fluids from airways, pancreas, uterine cervix and intestine. The low water 
content, in turn, may explain the presence of the viscid obstructing and 
chronically infected secretions which are associated subsequently with lung 
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EPITHELIA 

destruction and the fatal outcome in severely affected individuals. 
Early functional studies of the airway epithelial defect in vivo began when 

Knowles et al. 3 observed that the negative potential difference (m V) across 
airway epithelia was significantly higher in CF patients than in normal 
subjects or disease controls (i.e. CF, -60 mY, vs normal, -30 mY). An 
abnormal response to cr superfusion in vivo and decreased cr fluxes in 
vitro indicated a decreased airway epithelial permeability to the cr ion in 
CF4,5. Subsequent functional studies of primary airway epithelial cultures 
showed abnormalities similar to those observed in the native tissue: cultures 
derived from CF tracheal and nasal epithelia were cr impermeable and 
failed to secrete Cl ion when stimulated with the ,8-agonist, isoprotereno16,7. 

These results indicated that the Cl impermeability was an inherent property 
of the epithelial cells themselves, which could be retained in culture, and 
that a circulating 'factor' was not the cause of the ion transport defect. 
Intracellular micro electrode recordings demonstrated that the cr imper­
meability was localized to the cellular pathway and specifically to the apical 
cell membrane6,8. Patch-clamp studies indicated that the cr transport defect 
was probably due to failure of an outwardly rectifying apical anion channel 
to res'pon~ to ph?mhorylation by cyclic AMP-dep~ndent pr~tein kinase or 
protem kmase C " . Recently, the gene mutated m CF patlents has been 
identified 11 ,12 and in approximately 70% of cases comprises a specific 
deletion of three base pairs resulting in the omission of a phenylalanine 
residue (Phe508) in a protein thought to be involved in transmembrane ion 
conductance (hence named the CF transmembrane conductance regulator 
or CFTR). 

The identification of the CFTR gene and study of normal and mutant 
CFTR proteins may now make it possible to understand better the control 
of epithelial ion transport and should help to provide a molecular basis for 
the development of an effective therapy. For example, it has recently been 
suggested that introduction by aerosol of normal CFTR genes or protein to 
airway epithelial cells and their progenitors may be an effective form of gene 
therapy in the future 13. It is, however, not yet clear whether all of the many 
cell types which comprise the epithelial lining of the lung are similarly 
affected and much work is still required to identify those specific cells which 
express the basic defect. 

The purpose of the present chapter is to give an overview of the normal 
cellular morphology of the lining epithelium of the 'conductive' and 
'respiratory' airways of the lung and of the putative function(s) of the 
various cell types by way of introduction to the detailed functional studies of 
airway epithelia which follow. The salient morphological changes to airway 
surface epithelia in asthma, carcinoma and particularly CF patients will also 
be summarized. The respiratory airways of the lung are only briefly 
considered herein: for greater detail, the reader is referred elsewhere I4,15. 
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AIR WAY FORM AND FUNCTION 

CONDUCTIVE AIRWAYS 

The conductive airways perform functions beyond the conduction of 
inspired and expired gases, e.g. warming, humidification and cleansing 
inhaled air of potentially harmful dust particles, gases, bacteria and other 
living organisms. The more distal respiratory zone is thereby kept free of 
pollution and infection by airway defence mechanisms which include: (1) 
nervous reflexes leading to bronchoconstriction and/ or cough; (2) ciliary 
activity and secretion of mucus, lysozyme, lactoferrin and secretory IgA; 
and (3) cellular immune response and reactions l4 • 

Figure 9.1 shows that the airway wall comprises epithelial, lymphoid, 
muscular, vascular and nervous elements interspersed in a pliable connec­
tive tissue support arranged as: (l) a lining mucosa of surface epithelium 
supported by basement membrane and an elastic lamina propria, in which 
there are bronchial blood vessels, nerve bundles and free cells (including 
fibroblasts and mononuclear cells), (2) a submucosa in which lie the bulk of 
the mucus-secreting glands, muscle and cartilage plates and (3) a relatively 
thin coat of adventitia. 

Surface epithelium 

Airway epithelia include the surface epithelium which lines all airways and 
which is continuous with that forming the tubulo-acinar submucosal mucus­
secreting glands which develop from the surface. The stratified squamous 
epithelium lining much of the larynx gives way to one which is pseudo­
stratified, ciliated and columnar when the trachea is reached. The term 
'pseudostratified' arises due to all cells resting on the basement membrane 
but not all reaching the airway lumen (Figure 9.2). In man, this type of 
epithelium persists throughout the major bronchi, becoming simple 
cuboidal more peripherally. Ciliated cells predominate, interspersed by 
mucus-secreting (goblet) cells which are found regularly in the tracheo­
bronchial tree but rarely in bronchioles of less than I mm diameter. 

A variety of cell types is recognized in airway surface epithelium: at least 
eight different epithelial cell types have now been delineated 16,17. In addition, 
cells involved in the immune response and its reactions may migrate through 
the epithelial basement membrane: some of these remain within the surface 
epithelium, whereas others are in the process of passing through to the 
lumenal surface l4 . The terminal processes of sensory nerve fibres whose cell 
bodies lie deep to the epithelium, pierce the epithelial basement membrane 
and lie surrounded by epithelial cells (see Figure 9.2) where they initiate 
airway reflexes, such as bronchoconstriction and cough IX. These endings 
may be inappropriately stimulated in conditions such as asthma and chronic 
bronchitis. 

The variety of cell types and their putative functions are listed in Table 
9.1. some of these are now considered in more detail. 
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Figure 9.1 a Diagrammatic representation of bronchial wall comprising (l) a mucosa of 
surface epithelium with supporting subepithelial connective tissue, bronchial capillaries, nerve 
bundles and free cells, (2) submucosa consisting of mucous (m) and serous (s) gland acini, 
smooth muscle and cartilage plates and (3) a thin adventitia. Ions and fluid move across both 
the surface epithelium and submucosal gland cells. b Light micrograph of a histological 
section through human bronchus stained with haematoxylin and eosin to show some of these 
features: bronchial lumen (l) , ciliated surface epithelium (ep), bronchial capillaries (arrows), 
mucous (m) and serous (s) gland acini, gland duct (d) opening to surface. (Scale bar = 60 J.lm) 
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Figure 9.2 Diagram of surface epithelium illustrating the variety of bronchial cell types: 
ciliated (CC), goblet (GC), basal (BC), non-ciliated serous (NCC), brush (BrC), and intra­
epithelial nerve fibres (arrows). Cilia are thought to move the gel-like rafts of mucus by their 
tips and beat in a periciliary fluid layer of low viscosity whose fluid and ion content is 
controlled by the epithelial cells 

Ciliated cell 

The surfaces of ciliated cells (Figures 9.3a and 9.3b) are densely covered by 
200-300 cilia per cell, each normally beating at about 1000 times per min 
with its effective stroke generally in a cranial direction. Where fields of cilia 
are in continuity there is co-ordination of their beat. Each cell has electron­
lucent cytoplasm with an abundance of apically placed mitochrondria and a 
moderately well-developed Golgi apparatus (Figure 9.3a). Lysosomes and 
lamellar bodies are often present together with smooth cisternae of endo­
plasmic reticulum. The cilia are thought to beat in a periciliar~ layer of low 
viscosity, the origin of which is still the subject of speCUlation 9. Cilia move 
the overlying mucous sheet only by their tips, the interaction of the ciliary 
tips and mucus being facilitated by minute terminal hooklets20 , Long slender 
microvilli project between the cilia and are associated with an acidic surface 
mucosubstance, probably a glycosaminoglycan, which may be an important 
source of mucosubstance, The rich microvillar border and associated 
pinocytotic vesicles may playa role in ion translocation and fluid absorp­
tion and thereby control the depth of the periciliary fluid layer in which the 
cilia beat. A quantitative study of ciliated cell microvilli in biopsy specimens 
has indicated a decreased number of microvilli in CF21 , Whilst ultra­
structural abnormalities of cilia have been clearly shown in genetic con­
ditions of ciliary dyskinesia22 , none has been found in CF and the ciliated 
surface covering, even in chronically infected CF airways, appears to be 
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relatively normae3,24. However, mucociliary clearance is depressed and the 
typically tenacious secretions observed in CF airways resist removal by the 
normal preparative processes prior to scanning microscopy and remain 
adherent to cilia (Figure 9.4). 

Purification of apical cell membrane vesicles from disaggregated airway 
epithelial cells and their reconstitution into artificial phospholipid bilayers 
has recently allowed characterization of ion channels in animal tissues2s • 
The application of these techniques to airway cells obtained from CF 
transplant tissue and to both normal and CF airway epithelial cell lines, 
immortalized by viral transformation26,27, will allow the mechanisms of 
molecular control of apical ion channels and the role of defective CFTR 
protein(s) to be studied in greater detail. Several studies indicate that the 
ciliated cell is normally an end-stage cell formed ~>¥ differentiation and 
maturation of dividing basal and secretory cell types- . 

Mucous cell 

Mucous (goblet), serous, Clara and dense-core granulated (DCG) cells form 
the normal secretory cell types of the surface epithelium of conductive 
airways. In human trachea, the normal mean density of surface mucous cells 
is estimated at between 6000-7000 cells per mm2 surface epithelium29 • By 
electron microscopy, the mucous cell has electron-dense cytoplasm contain­
ing electron-lucent, confluent granules of about 800 nm diameter (see 
Figure 9.3b). Most contain mucin which is acidic due to sialic acid or 
sulphate groups located at the ends of oligosaccharide side chains, which 
branch from the protein core of high-molecular-weight glycoprotein30 . 

Secretion of the correct amount of mucus with an optimum viscoelastic 
profile is important in the maintenance of normal mucociliary clearance and 
this is thought to be defective in CF. Alterations in the predominant 
histochemical type of mucus have been associated with airway irritation31 

and carcinogenesis32 but no abnormality specific to CF has been detected33. 
The numbers of mucus-secreting cells increase in chronic bronchitis34 and, 
experimentally in animal models of bronchitis, following inhalation of 
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extension to the peripheral bronchioles is also a characteristic of small 
airways disease, particularly in CF38. The mucous cell is clearly capable of 
division and may show stem cell multipotentialit/8• The solubility and 
viscosity of mucus varies considerably with ionic strength and divalent 
cations, such as calcium (Ca2+), cause mucus to form a rigid cross-linked gel 

Figure 9.3 a Scanning electron micrograph (SEM) of two partially disaggregated ciliated 
cells, each with a dense covering of cilia (approximately 200 300 per cell), Long slender apical 
microvilli, projecting between the bases of the cilia (arrows), are associated with an acidic 
surface mucosubstance and, together with pinocytotic vesicles, probably playa role in ion and 
fluid translocation, (Scale bar = 6 ~m), b Transmission electron micrograph (TEM) of 
bronchial surface epithelium taken at transplant from a CF patient's (recipient) lung. The 
apical region of the epithelium appears normal with goblet (GC) and ciliated (CC) cells: the 
latter have normal mitochondrIa, numerous cilia and show apical microvilli, Goblet cells 
contain predominantly clear confluent secretory granules. Areas of 'tight junction' between 
cells are arrowed, (Scale bar = I ~lm) 
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Figure 9.4 SEM of bronchial surface in freshly processed CF transplant material. The tissue 
had been rigorously washed in culture medium and processed through alcohols and critical 
point dried in CO2, Unlike the normal, secretions with included cells (?macrophages) remained 
adherent to the highly ciliated surface, (Scale bar = 10 !lm) 

which may be difficult to clear by mucociliary action or cough. In biopsy 
studies, mucous cells from patients with CF have been shown to contain 
significantly raised intracellular (Ca2+) and sulphate (Sot) levels and lower 
potassium levels than those of patients with chronic bronchitis39 , The 
significance of these results is as yet unclear but it is in keeping with the 
reports of high Ca2+ and sot contents of tracheobronchial secretions40 • 

Serous cell 

Serous cells have electron-dense cytoplasm, much rough endoplasmic 
reticulum and, in contrast to mucous cells, discrete electron-dense granules 
of about 600 nm diameter. Morphologically, serous cells of the surface 
epithelium resemble those present in the submucosal glands. They have been 
described in surface epithelium only in the rat, cat, young hamster and fetal 
humans 41, Many contain neutral mucin and there is evidence that some may 
also contain a non-mucoid substance, probably Jipid42 , 

Clara (non-ciliated bronchiolar) cell 

Clara cells in man are restricted in location to the terminal bronchioles 
where they typically bulge into the airway lumen and contain electron-dense 
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granules of about 500-600 nm diameter, ovoid in man but irregular in most 
other species. The function of this cell type is as yet undetermined. It may 
contribute to the production of bronchiolar surfactant43 , a carbohydrate 

I I . d . h f 44 . 45 46 d' component c ose y assocIate WIt sur act ant or an antIprotease ' an IS 

known to have ion-absorbing and secreting properties (see accompanying 
chapter by van Scott et al,). Furthermore, the Clara cell acts as the stem cell 
of small airways where basal and mucous cells are normally sparse: after 
irritation or drug administration, both ciliated and mucous cells mas>" 
develop from the Clara cell subsequent to its division and differentiation2 . 

Dense-core granulated (DeC) cell (synonyms: endocrine, Kultchitsky 
and Feyrler cell) 

Argentaffin-positive and argyrophilic cells have been identified within the 
surface epithelium by light microscopy, By electron microscopy, DCG cells 
are infrequently found, generally basal in position, but often with a thin 
cytoplasmic projection reaching the airway lumen 47. Single cells and clusters 
of such cells may also be associated with nerve fibres (i.e. so-called 
neuroepithelial bodies or neurite-receptor complexes)48. The cytoplasm of 
DCG cells usually contains large numbers of small (70-150 nm) spherical 
granules, each with an electron-dense core surrounded by an electron-lucent 
halo, Granule subtypes have been described and the cells may contain 
biogenic amines 49 or peptides, such as bombesin50 which, when released, 
may influence vascular and bronchial smooth muscle tone, mucous secre­
tion and ciliary activity, The location of the cell in surface epithelium and its 
cytoplasmic content make it a prime candidate for sensing hypoxia in the 
airway lumen. It is likely that, as a consequence, vasoactive substances are 
released which cause local vasoconstriction and shunting of blood to better 
ventilated zones of the lung. Whilst hyperplasia of DCG cells has been 
described in infantile bronchopulmonary dysplasia51 , bronchiectasis 
associated with small mUltiple tumours52 and in bronchi associated with 
carcinomas of all types53 , no changes have been reported in CF. 

Basal cell 

It is the presence of a basal cell layer in the large bronchi and trachea which 
contributes to the pseudostratified appearance of the epithelium (see Figure 
9.2). The basal cell has sparse electron-dense cytoplasm, often with bundles 
of tonofilaments immunoreactive for cytokeratin. The tracheobronchial 
basal cell is considered by many to be the major stem cell from which the 
more superficial mucous-secreting and ciliated cells derive28. Airway surface 
epithelium is replaced only slowly with normally less than I % of cells in 
division at anyone time. However, the mitotic index increases in response to 
irritation by noxious agents, such as tobacco smoke, and also to sympath­
omimetic drugs, such as isoprenaline. In these situations, the basal cells play 
a proliferative role in concert with secretory cells which, as has already been 
mentioned, also divide. 
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Many non-ciliated cells fall into the category of 'indeterminate', a 
classification category comprising a mixture of cells, none of which is clearly 
classifiable. In addition, normal epithelium may show a number of cells 
each of which shows features transitional to two or more morphologically 
well-defined cell types54 . Determination of the histological phenotype of 
preneoplastic and neoplastic tissue is relevant to pathogenesis, prognosis 
and therapy of lung cancer. The patterns of differentiation within a tumour 
may be multiple and complex and tumour classification can be made by the 
pathologist only with experience and good judgement and even then not 
always without difficulty. When deciding the cell of origin of a particular 
tumour, the assumption is often made that the cell will resemble, in 
histological phenotype, the main cell type present in the tumour. For 
example, it is widely assumed that malignant transformation of the 
epithelial basal cell gives rise to epidermoid carcinoma, of the endocrine 
(dense-core granulated) cell to small cell anaplastic carcinoma (including 
oat cell) or the carcinoid tumour. The premise may well turn out to be too 
restrictive and the pluripotential and proliferative nature of the variety of 
cell types present in the lung may be seriously underestimated. 

Migratory cells 

Mononuclear (migratory) cells are present within the normal airway 
epithelium of humans and many animal species. In health, polymorpho­
nuclear leukocytes are found rarely but are rapidly recruited in inflammatory 
conditions, such as CF, where they migrate through the surface epithelium to 
the airway lumen where they are found to have engulfed bacteria (Figures 
9.5a and 9.5b). In healthy epithelium, at least two types of mononuclear 
migratory cell have been distinguished on the basis of morphology and 
histochemistry: (I) the intraepitheliallymphocyte and (2) the intraepithelial 
mast cell or closely related 'globular' leukocyte 14. The intraepithelial lym­
phocyte may occur singly or in groups organized into a'lymphoepithelium'. 
The intraepithelial and subepithelial (so-called 'mucosal') mast cell may be 
~orp.holo~ically and functionally distinct from t?at pres~nt in de~p connec­
tlve tlssue~ . Both are, however, capable of releasmg mediators of mflamma­
tion which, among other things, affect epithelial and vascular permeability. 
In non-smokers, mast cells form up to 2% of surface epithelial cells but a 
higher proportion is found in smokers56 and in smoker's lung subsequently 
resected for carcinoma,7. The numbers of distinct types of inflammatory cell 
have yet to be determined in the lungs of patients with CF. In both mild and 
severe forms of asthma, there appears to be a tendency to increase in the total 
number of inflammatory cells in the zone immediate~ beneath the surface 
epithelium and there is evidence for their activation5 • Release of protease 
from distinct inflammatory cells may disrupt epithelial integrity. 

Cell junctions 

The epithelial cells of the surface are held together by three types of junction: 
(1) 'Tight' (zonulae occludens) and 'intermediate' (zonula adherens) 
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(b) 

Figure 9.S a SEM of CF bronchial lumen showing an accumulation of inflammatory cells 
(arrow) lying on a ciliated surface (Scale bar = 30 11m). b TEM shows bacterial forms 
(? Pseudomonas sp.) (arrows) engulfed by a neutrophil (n), the inflammatory cell type 
frequently found in lumenal secretions. (Scale bar = 211m) 
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Figure 9.6 a Freeze fracture of human bronchial epithelium to show the characteristic 
appearance of the 'tight junction' joining surface epithelial cells. The junction is composed of 
interconnecting strands and grooves and extends around the apicolateral surface of the 
epithelial cells as a 'belt' forming a selectively permeable barrier to the movement of 
paracellular fluid, macromolecules and ions. (Scale bar = 0.5 ~m). b There are indications in 
CF of a 'proliferation' of junctional strands (arrows) below regions of 'normal' tight junction: 
the proliferation is often extensive and may extend towards the basolateral surface of the 
plasma membrane. (Scale bar = I ~m). From reference 64 

junctions which together form attachment belts or 'terminal bars' extending 
around the apicolateral surface of cells and are shown to advantage by 
freeze-fracture techniques (Figure 9.6a); (2) maculae adherens or 
desmosomes (i.e. 'spot' junctions), which are frequently found between cells; 
these may also appear as hemidesmosomes joining the basal lamina and 
epithelial cells; and (3) nexus or 'gap' junctions which play an important role 
in cell-to-cell communication. 

Normally impermeable, the terminal bar prevents paracellular fluid, 
macromolecular and ionic movement across the epithelium59 but, following 
irritation (e.g. by tobacco smoke or ether), or specific allergen challenge to 
sensitized animals, the junction appears to become quickly permeable to 
molecules of 40000 molecular weight or less placed in the lumen6062 . 

Transport from lumen to submucosa of larger molecules appears to be via a 
cellular route involving active cell transport60 . Similar mechanisms are 
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probably involved in the passage from the vascular compartment through 
the epithelium to the airway lumen of serum components which also 
contribute to respiratory tract fluid, especially in disease l9 • In vitro studies 
show that the structure of the tight junction is highly labile and that the 
number of sealing strands may be induced to proliferate rapidly63. An 
abnormal proliferation of tight junctional strands (Figure 9.6bJ has also 
been observed in airway epithelium from patients with CF 4 but the 
functional relevance of this change in CF is not yet clear. Alterations to tight 
junctions in asthma may contribute to the increased fragility of the airway 
epithelium in this condition58 . 

Basement membrane 

The basement membrane supporting the surface epithelium consists of two 
morphologically distinct regions: (I) the basal lamina, itself composed of 
three zones, together made up of type IV collagen, laminin, glycosamino­
glycans and fibronectin and (2) a deeper reticular lamina of fine fibrillary 
type III collagen (i.e. reticulin). In healthy bronchi, the combined thickness 
of the two zones is about 10 11m but this may increase in chronic 
inflammatory conditions, including bronchiectasis and asthma58. 

Submucosal glands 

The submucosal glands in man are relatively numerous and, in the lower 
respiratory tract, are found wherever there is supportive cartilage in the 
airway wall, i.e. from larynx to small bronchi. It has been estimated that 
some 4000 glands are present in the human trachea65 . Developing from 
surface epithelium in utero, each gland unit is of the tubulo-alveolar type 
and, in man, may be composed of four regions whose lumena are 
continuous: (I) A relatively narrow ciliated duct continuous with the surface 
epithelium, (2) an expanded collecting duct of cells of indeterminate 
morphology or of eosinophilic cells (also referred to as 'oncocytes ') packed 
with mitochondria, (3) mucous tubules and mucous acini and (4) serous 
acini66.67 . Whilst mucins of both acidic and neutral types are produced, other 
secretions, such as lysozyme67 , lactoferrin68 , the secretory component of 
IgA70, and a low-molecular-weight antiprotease71 are also produced by the 
submucosal glands, particularly by serous acini. The movement of ions and 
water from the vascular compartment to the airway lumen is regulated by 
both surface epithelium and submucosal glands. In the latter, it is suggested 
that watery, serous secretions pass from the outermost regions of each gland 
into the mucous tubules and mix and that the ionic balance of the mixed 
secretion may be adjusted in the collectin~ duct before its discharge through 
the ciliated duct to the bronchial lumen 6 . Discharge is aided by contractile 
myoepithelial cells which form a basket-like structure around the outer 
aspects of the acinus. 

Both synthesis of intracellular secretion and discharge are influenced by 
nerves whose terminals lie adjacent to (in humans) or pierce (in cat) the 
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Figure 9.7 SEM of human bronchial mucosa in CF. A fortuitous fracture across the airway 
wall demonstrates the dilated collecting duct (D) opening onto the surface (S) via the ciliated 
duct (C) which is continuous with surface epithelium (ep). (Scale bar = 100 Ilm) 

secretory unit. There is evidence that both parasympathetic and sympathetic 
agonists stimulate secretion although the quantity and quality of the 
resulting secretion may differ with each72. Submucosal glands probably 
form the major source of tracheobronchial mucus with the balance of 
contribution by surface epithelium and submucosal glands dependent upon 
the nature of the stimulus. Submucosal gland mass increases in chronic 
bronchitis, asthma and cystic fibrosis; the increase being due to cell 
proliferation within each secretory acinus rather than to an increase in the 
number of gland units per se. Whilst the submucosal glands of the CF 
patient are structurally normal at birth, one of the earliest changes noted is 
the dilatation of acinar and duct lumena23 and this can be seen by scanning 
electron microscopy (Figure 9.7). A similar lesion is seen in the pancreas and 
it is suggested that abnormal hydration or solubilization of gland secretions 
causes lumenal obstruction and impaction, resulting in duct dilatation. 

Autonomic nerves 

Autonomic control appears to be abnormal in CF with increased sensitivity 
to a-adrenergic and cholinergic agonists and reduced sensitivity to {3-
adrenergic agonists73 • In the trachea and main bronchus, nerve bundles and 
ganglia are found mainly in the posterior membraneous portion of the 
airwa/4• On entering the lung, the nerve bundles divide to form distinct 
peribronchial and perivascular plexuses. The peribronchial plexus further 
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divides to form extra- and endochrondrial (i.e. subepithelial) plexuses. The 
efferent (motor) innervation has, in general, excitatory and inhibitory 
components affecting submucosal glands, bronchial smooth muscle and 
blood vessels. Morphological and physiological studies now indicate that 
apart from the classic neurotransmitters of the sympathetic ( adrenergic) and 
parasympathetic (cholinergic) nerve supply to lung, a new family of 
neuropeptide transmitters has been described which have not been thought 
to belong to the adrenergic nor the cholinergic system (i.e. NANC) but 
which may co-localize with them. Thus, neural control of bronchial 
epithelium, glands, muscle and vasculature appears to be more complex 
than originally proposed75 • Vasoactive intestinal polypeptide (VIP) is one 
such neuropeptide and has the properties of inhibiting mucous secretion and 
stimulating ion and fluid movement across the epithelium and relaxing 
human bronchial smooth muscle. Reduction of immunoreactivity for VIP 
has been reported in relation to both sweat glands76 and bronchial 
submucosal glands77 in CF and, recently, complete loss has been reported in 
the bronchi of patients dying of asthma78 • Abnormalities of autonomic 
control have long been implicated in both asthma and CF and, in the latter, 
recent attention has been focussed on defects in the interaction of 
intracellular calcium and orotein kinase C- and A-dependent mecha-
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adrenoceptor binding sites on CF airway epithelia by both membrane 
binding and autoradiographic techniques. The loss of binding sites is 
probably secondary to proteolysis by bacterial proteases and release of 
mediators of inflammation but may nevertheless playa role in the patho­
genesis of CF. 

Infection 

The basic defect in CF in some way facilitates bacterial adherence and 
subsequent repeated episodes of colonization particularly by Staphy­
lococcus aureas, Pseudomonas aeruginosa, Klebsiella pneumoniae and 
Haemophilus influenzae. Colonization with Pseudomonas sp., particularly 
of the mucoid variety, is linked to a decline, both in lung function and in 
longevity. In a recent study of the ultrastructure of CF airway epithelia in 
chroncially infected lungs obtained freshly at transplant, the author noted 
the absence of detectable bacterial forms either within the mucosa or 
directly adhering to epithelial surfaces24 . Bacteria appeared to be preferen­
tially found in association with the overlying secretions (Figures 9.8a and 
9.8b) and engulfed by neurophils (see Figure 9.5b) rather than associated 
with epithelial cells per se. These observations are in accord with previous in 
vitro findings82 and give support to the hypothesis that loss of mucociliary 
clearance results in the stagnation of mucus which, with adherent bacteria, 
forms a focus for persistent infection leading to the release of proteases, 
inflammation and progressive epithelial and lung damage. 
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(a) 

(b) 

Figure 9.8 a SEM of the lumenal aspect of the blanket of airway secretion overlying cilia on 
which there are two rod-shaped bacterial forms similar to those of Pseudomonas sp. cultured in 
the laboratory. (Scale bar = 3 j!m). b TEM of ciliary fringe to show bacteria (arrows) 
associated with epithelial secretions and not with apices of the airway cells. (Scale bar = I j!m) 
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RESPIRATORY AIRWAYS 

The last of the purely conductive airways are known as terminal bron­
chioles, beyond which are further generations of respiratory bronchioles 
that both conduct gas and participate in gas exchange. The transitional zone 
comprises about three generations of respiratory bronchioles after which 
there are two to nine generations of alveolar ducts, terminating in alveolar 
sacs (Figures 9.9a). 

Adult human lungs contain about 300 million alveoli83 , each alveolus 
measuring about 250 11m in diameter when expanded. Pores of Kohn 
(12-13 11m in diameter) are found piercing the alveolar walls, one to seven 
per alveolus (Figure 9.9b). Expansion of the lung is facilitated by surface 
tension-reducing lipids secreted by alveolar lining cells and collectively 
known as pulmonary surfactant: deficiencies of surfactant production are 
associated with respiratory distress syndromes. (Studies which examine the 
control of ion and fluid secretion are presented in Chapter 11 by Gatzy et al.) 

Electron microscopy demonstrates a complete simple squamous epith­
elium lining all alveoli, which is in continuity with the cuboidal/ columnar 
epithelium of the conductive airways. The alveolar lining epithelium is 
separated from the underlying capillaries of the interstitium by basement 
membrane or relatively thick interstitial connective tissue and cells in an 
alternating pattern. The alveolar epithelium consists of two principal cell 
types, known as types I and II, or squamous and granular cells, respectively. 

Type I cells have few cytoplasmic organelles but have long cytoplasmic 
extensions (Figure 9. lOa), each cell contributing to the lining of more than 

2 one alveolus: the processes of each cover up to 5000 11m of the alveolar 
surface yet measure only about 0.2 11m in thickness84. Their function is to 
provide a complete but thin covering preventing fluid loss while facilitating 
rapid gas exchange. However, their thinness makes them extremely sensitive 
to injury. As with conducting airways, type I epithelial cells are connected to 
each other and to type II cells by tight junctions which provide a selectively 
permeable barrier to fluid, molecular and ion movement both into and out 
of the alveolus. In addition, macromolecules and very fine particles may 
reach the interstitium from the alveolar lumen by pinocytosis from whence 
they may be removed together with interstitial fluid to the lymphatics of the 
respiratory and terminal bronchioles. 

Type II cells are twice as numerous as the type I cells but due to their 
cuboidal shape cover only about 7% of the alveolar surface84 and usually 
occupy the corners of alveoli (Figures 9.9b and 9. lOb). By transmission 
electron microscopy, their cytoplasm can be seen to include large mito­
chrondria with well-developed cristae, rough endoplasmic reticulum, a 
Golgi apparatus and characteristic osmiophilic lamellar structures which 
represent the secretory vacuoles containing pulmonary surfactant. Their 
role in surfactant secretion has been established by experimental ultra­
structural autoradio~raphic studies tracing the incorporation of surfactant 
precursors with time 5, and cell separation techniques, enabling pure type II 
cell suspensions to be studied in vitro, confirm that these cells secrete 
surfactant86 . Deficiencies of surfactant production are associated with 
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Figure 9.9 a SEM appearance and 'coil spring-like' arrangement of an alveolar duct (AD) 
with surrounding alveoli (Alv) whose lumena are continuous with that of the AD. Inter­
communicating pores of Kohn (k). (Scale bar = 40 11m). b SEM image of the alveolar wall 
demonstrating the junctions of adjacent type I cells (arrows) and a type II cell with apical 
microvilli in the corner of the alveolus (II) adjacent to a pore of Kohn. (Scale bar = 111m) 
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Figure 9.10 a TEM of type I alveolar cell (I) with thin cytoplasmic extensions (arrowed) 
separated from capillary lumen (cap) by either basement membrane alone or interstitial 
connective tissue (ct). Fibroblast (fi), platelets (p) and alveolar space (alv). (Scale bar :: I !-lm). 
b TEM of a type II alveolar cell to show the cuboidal shape, apical microvilli and 
characteristic osmiophilic lamellar bodies (lam) containing pulmonary surfactant. Mito­
chondria (mi). (Scale bar:: I !-lm) 

215 



EPITHELIA 

respiratory distress of the newborn and also occasionally of the adults. Type 
II cells are the stem cells from which damaged type I cells are replaced by 
differentiation28 . Animal studies have shown that, in the normal lung, the 
turnover time of type II cells is about 25 days and transformation of type II to 
type I cells may take as little as 2 days. The respiratory zone and its epithelial 
lining is, therefore, complex in its architecture, and is relatively less accessible 
to direct study than the conducting airways but plays a substantial and 
functionally important part in maintenance of a normal fluid lining. 

SUMMARY AND CONCLUSION 

The present synopsis introduces the reader to the main cell types comprising 
the airway epithelium, their structure, salient function and proliferative 
potential. Emphasis has been placed on the conductive airways where much 
experimental work has focussed but it should be remembered that airway 
epithelium is a continuum from nares/ mouth to the alveolus and that the 
respiratory airways also have secretory (i.e. producing mucus, ion and fluid) 
and proliferative potential. 

A number of abnormalities of airway epithelia have been cited and those 
in CF have been highlighted. A convincing unifying hypothesis for the basic 
defect of CF is centered on a disorder of epithelial ion and water transport. 
The most consistent defect in a number of body organs is that of chloride 
impermeability with, in addition, increased sodium absorption in the 
respiratory tract. Early dilatation of submucosal gland ducts, indications of 
proliferation of epithelial tight junctional strands, reductions in the number 
of ciliated cell microvilli, of VIP immunoreactivity and of epithelial {3-
adrenoceptor number are all findings which are likely to be secondary to 
expression of the basic genetic defect(s). Functional studies using mucosal 
tissues mounted in Ussing chambers or of primary airway epithelial cell and 
tissue cultures have given and continue to give valuable information 
regarding the control of ion translocation and mucous secretion, and the 
effects of pharmacological intervention. Disaggregation of normal and CF 
airway epithelium and use of immortalized cell lines for reconstitution of 
their apical membrane vesicles into phospholipid bilayers will allow char­
acterization of single ion channels, a study of their controlling mechanisms 
and a means by which mutant CFTR proteins can be tested for their effects. 
An analysis of calcium-dependent mechanisms (known to be altered in CF) 
may be a particularly worthwhile area of study as it may well provide a 
rationale for future treatment. Gene therapy is still very much for the future 
and, in the author's opinion, should be preceded by further studies aimed at 
localizing gene expression of mutant CFTR protein(s) to the specific cell 
types which comprise the lung. 
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10 
Physiological Properties of Cultured 
Airway Epithelial Cells: Comparison 
with I ntact Epithelial Tissues 

M. R. VAN SCOTT, J. R. YANKASKAS AND R. C. BOUCHER 

INTRODUCTION 

Effective techniques for isolating and culturing airway epithelial cells have 
been developed in the past 10 years, and systems for studying the physiology 
of intact epithelial cell barriers in culture have only become common within 
the past 5 years. Consequently, few physiological properties of the airways 
epithelia have been studied both in intact and cultured preparations. Ion 
transport is a primary function of airway epihelia that has been well 
characterized in both preparations and provides a solid basis for evaluation 
of cell culture as a tool for studying epithelial cell physiology. 

Active ion transport, ion permeabilities, and the resultant bioelectrical 
properties have been characterized in intact tissue and cell cultures from 
both dogs and humans. Canine airway epithelia have been particularly 
useful due to the large data base derived from in vivo and in vitro studies of 
intact tissues and quantitative differences in Na+ and cr transport in the 
trachea and bronchus of this species. Regional differences in ion transport 
are less pronounced in human than in canine airways, but the well­
documented differences in function of normal and cystic fibrosis tissues are 
dramatic. These physiological differences may be used to assess the validity 
of cell cultures as models of normal and diseased epithelial cells in vivo. 

In this chapter, we examine tissue-specific ion transport properties in 
cultures of human and canine airway epithelial cells in comparison with 
those of intact tissues. Summary data from several studies in the same 
laboratory are assembled into tables which permit comparison of key 
bioelectric properties from different preparations. To be concise, statistics 
have been omitted from this chapter, but are available in the original 
reports. Data from other groups which substantiate the findings are 
included in the text for companson. Finally, the significance of these 
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Figure 10.1 Model of ion transport across respiratory epithelial cells (A) and the correspond­
ing electrical analogue (B). Conductance (g); electromotive force (E); extracellular shunt (s); 
electrogenic pump (P); leak (L); apical, basolateral and transepithelial membrane potential 
difference (V" Vb and V" respectively); prostaglandin (PG) 

observations to cell physiology today and in the future are considered. 
A model commonly used to describe transepithelial ion transport in 

airways is shown in Figure 1O.la. Two active transport processes, Na+ and 
cr secretion dominate net transepithelial ion fluxes. Na+ enters the cell 
across the apical membrane through passive conductive channels and is 
pumped out across the basolateral membrane by a Na+/K+ ATPase. The net 
transcellular flux of Na+ can be abolished by blocking the conductive 
channels in the apical membrane with amiloride (10-4 mol L- '). Little is 
known of the factors that control the rate of N a+ absorption. Chloride enters 
the cell via a Na+ / K+ / cr co-transporter on the basolateral membrane and 
exits through passive conductive channels in the apical membrane. cr 
permeability of the apical membrane and transcellular cr movement is 

2+ 
regulated by cAMP and Ca . As alluded to above, the absolute rates of 
active ion transport, the ratio of Na+ absorption to cr secretion, and the cr 
secretory response to mediators of different classes vary between airway 
regions, species and disease states. 

As illustrated in Figure 10.1 b, the movement of an ion across an epithelial 
cell membrane can be modelled as an electrical circuit containing a 
conductance (g) in series with an electromotive force (E) and in parallel with 
a current source (i). Conductance of an ion is related to the permeability of 
the membrane for that ion; E is equal and opposite to the equilibrium 
potential; and i is the current generated during active transport. Current 
flowing across the basolateral or apical membranes results in a potential 
difference (Vb or Va' respectively). Current traversing both the apical and 
basolateral membranes results in a transepithelial potential difference (VI) 
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that is equal to the sum of Vb and Va' Under open-circuit conditions, 
transcellular currents return to the basolateral bathing solution through a 
shunt pathway (gs) that lies between adjacent epithelial cells. 

CANINE TRACHEAL AND BRONCHIAL EPITHELIA 

Ion transport in intact tissues 

Intact canine tracheal epithelia display a higher transepithelial potential 
difference (Vt) than bronchial epithelia (-29 m V vs -5 m V in vivo) . Studies 
of freshly excised tissues indicate that short-circuit current (lsJ is similar 
(70 JlA/ cm2) in both regions, but total tissue conductance (Gt) is greater in 
the bronchus than in the trachea (7 vs 2 mS / cm2 in vitro2). Ise across intact 
canine tracheal epithelia is accounted for by a combination of net Na+ 
absorption and net cr secretion2• Na+ absorption, measured by isotopic 
techniques, accounts for 45% of the basal Ise across the trachea2,3; however, 
amiloride reduces Ise by only lO-20% in the presence of Cr-containing 
solutions. This phenomenon has been explained by an amiloride-induced 
hyperpolarization of the apical membrane which increases the electro­
chemical driving force for cr secretion4• In contrast to the trachea, Na+ 
absorption across the canine bronchus accounts for 78% of the Ise under 
basal short-circuit conditions2• 

Regional differences in baseline ion transport are accompanied by 
differences in responses to agents that stimulate cr secretion. Isoproterenol 
(10-5 mol L-1) increases Ise by 30%, Gt by 15%, and serosal to mucosal flow 
of cr by 35% in freshly isolated canine tracheal epithelia4. The same 
concentration of isoproterenol has no effect on Ise and cr secretion in 
canine bronchus, but decreases Gt by 15%4. 

The potential difference profiles reported for tracheal and bronchial 
epithelial cells are consistent with the patterns of ion transport discussed 
above. More specifically, the intracellular potential difference measured 
across the apical membrane (Va) in the basal state is more negative in 
tracheal cells than in bronchial cells (-46 mV vs -23 mV/,6. The cor­
responding basolateral membrane potential differences (V b) and fractional 
resistances of the apical membranes (fRa = Val (Va + V b) are -64 m y5 and 
0.5i for canine trachea and -30 m V and 0.50 for bronchus6. Treatment with 
epinephrine decreases Ya in the trachea to -34 m VS, has no effect on Y b' and 
decreases fRa to 0.387. Effects of epinephrine on intracellular bioelectrical 
parameters of freshly isolated bronchial cells have not been reported. 

Ion transport in cultured epithelial cells 

Canine tracheal epithelial cells grown on semipermeable supports form 
confluent sheets with properties similar to the intact tissue, but the degree to 
which morpholopy and function are preserved in culture depends upon the 
culture system8- 1 • Cells grown in 5% fetal bovine serum (FBS) on collagen-
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coated polycarbonate filters are flat (i.e. approximately 5 11m tall and 20 11m 
wide), but exhibit morphological and functional polaritl9• The apical 
surface exhibits a glycocalyx and numerous microvilli, and is separated 
from the basolateral membrane b~ a tight junction. Gap junctions and 
desmosomes connect adjacent cells. The epithelial sheets develop a con­
ductance9 of 2.5 mS/cm and Ise of 5 IlA/cm2. Agents known to stimulate 
cr secretion in intact tissue (isoproterenol, cAMP, PGE2, PGF~", LTC4 and 
LTD 4) also increase Ise in preparations cultured in this system. 

The morphology and function of canine tracheal epithelial cells cultured 
in serum-free media on collagen matrices depend upon specific hormones 
and growth factors added to the mediaIl . Insulin or insulin-like growth 
factor (IGF-I), endothelial cell growth supplement, transferrin, and cholera 
toxin support proliferation11 ,12. Hydrocortisone and tri-iodothyronine pro­
mote morphological differentiation (i.e. cells become cuboidal, 15 11m tall 
and 10 11m wide, and cilia are present). Cholera toxin increases Ise by 50%. 
This increase is not sensitive to amiloride and is probably due to increased 
cr secretion. Mean short circuit currents for cells grown in serum-free 
culture media supplemented with different combinations of the factors listed 
above range from 20 to 55 IlA/ cm2, with the lowest current observed across 
preparations cultured in relatively simple media (i.e. Ham's F12 supple­
mented with insulin, endothelial cell growth supplement and transferrin) 
and the highest currents observed when the cells are grown in the presence 
of cholera toxin. Transepithelial conductances range from 1 to 3.3 mS / cm2 

with lower values being exhibited by preparations grown in relatively simple 
media (i.e. media supplemented with only insulin, endothelial cell growth 
supplement and transferrin). In general, the canine tracheal cells in serum­
free hormone-supplemented media respond to ,6-adrenergic stimulation 
with an increase in Ise' but preparations cultured in the presence of 
epidermal growth factor (EGF) exhibit a larger increase in current than 
preparations grown in the absence of this factor. 

A microelectrode study13 of canine tracheal cells cultured on collagen 
matrices in the presence of insulin, endothelial growth supplement, trans­
ferrin, cholera toxin, epidermal growth factor, hydrocortisone, and tri­
iodothyronine indicates that the bioelectric profile of cultured cells is similar 
to the profile observed in freshly excised tissues (Table 10.1). In this study, 
isoproterenol increased Ise from 47 IlA/ cm2 to 93 IlA/ cm2 and trans­
epithelial conductance from 2.0 mS/cm2 to 3.4 mS/cm2. The apical mem­
brane depolarized (Va pre = -41 mY, Va post = -33 mY), the basolateral 
membrane depolarized slightly (Vb pre = -60 m V , Vb post = -57 m V), and fRa of 
the apical membrane decreased (0.51 vs 0.31). These observations are 
consistent with an increased apical membrane cr conductance caused by 
increased intracellular cAMP. 

Compared with the tracheal preparations, confluent cultures of canine 
bronchial epithelial cells in serum-free hormone-supplemented medium on 
collagen matrices exhibit lower transepithelial potentials (-6 vs -24 m V) 
and higher conductances (4.9 vs 1.5 mS / cm2), but no significant difference 
in short circuit currents are noted 13. Va and fRa are similar in cultures of 
bronchial and tracheal cells (-33 vs -39 m V and 0.54 vs 0.54, respectively), 
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Table 10.1 Regional differences in the bioelectric properties of cultured canine tracheal and 
bronchial epithelial cells 

Trachea Bronchus 

Baseline Amiloride Baseline Amiloride 

Effects of amiloride 
V,(mV) -24 -22 -6 -2 
IJ~A/cm'~ 60 54 32 10 
G.(mS/cm) 2.0 2.1 4.9 4.5 
V.(mV) -36 -42 -28 40 
Vb(mV) -61 -64 -34 42 
fR 0.49 0.54 0.56 0.67 

Effects of isoproterenol 
V,(mV) -19 -25 -6 -6 
IJ~Ajcm') 47 93 31 36 
G.(mS/cm') 2.0 3.4 4.6 5.3 
V,(mV) -41 -33 -31 -29 
Vb(mV) -60 -57 -37 -35 
fR, 0.51 0.3\ 0.57 0.5\ 

See Boucher and Larsen'] for original data. 
Transepithelial potential difference. short circuit current and conductance (V,. I". and G,. 
respectively); apical and basolateral membrane potential (V,. Vb); apical membrane fractional 
resistance \fR,); [Amiloride] = 10~ mol L-' in the apical bathing solution. [Isoproterenol] = 
10 ' mol L in the basolateral bathing solution 

but Vb is lower in cultured bronchial cells (-49 vs -62 m V). As mentioned 
above, isoproterenol has a pronounced effect on cultured tracheal cells. In 
contrast, isoproterenol has a minimal effect on bronchial cells in culture (i.e. 
no significant difference in Vp transepithelial resistance (Rt), Ise ' Va' or fRa 
was noted)13. These observations may reflect a decreased electrochemical 
gradient for cr across the apical membrane. In summary, data on the trans­
epithelial and intracellular bioelectric characteristics of canine tracheal and 
bronchial airway epithelia indicate that tissue-specific ion transport proper­
ties are qualitatively and, under appropriate conditions, quantitatively 
preserved in culture. 

HUMAN AIRWAY EPITHELIAL CELLS 

Ion transport in intact tissues 

Differences in Na+ and CI transport between epithelia of normal and cystic 
fibrosis (CF) patients have provided an additional opportunity to examine 
how well ion transport function is preserved in cultures of airway epithelial 
cells. In CF, airway epithelia are characterized by decreased cr perme­
ability of the apical membrane and an increased rate of Na+ absorptionl4 . 

Normal human airway epithelia exhibit ion transport characteristics similar 
to those observed in the canine bronchus. Vt across freshly excised human 
bronchial epithelial5 is -6 mV (lumen negative), Ise is 51 flA/cm2, and Gt is 
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9 mS/cm2. Amiloride in the mucosal bath inhibits 50% of the Ise' and 
isoproterenol induces a small (l0%) increase in Ise without a significant 
change in ion flows IS. VI' Ise' and Gt across nasal epithelia excised from 
normal patients are similar to the canine and human bronchus (i.e. Vt = 
-6 mY, Ise = 58 IlA/cm2, and Gt = 11 mS/cm2)16. Amiloride inhibits 67% of 
the Ise' ~lperpolarizes the apical membrane (Va pre = -29 mY, Va post = 
- 38 m V) ,and does not change fRa. Isoproterenol has little effect if added 
to epithelia in the basal state; but when the Na+ conductance of the apical 
membrane is blocked using amiloride, isoproterenol increases Ise by 100% 
(Isepre = 20 IlA/cm2, Iscpost = 46IlA/cm2), depolarizes the apical membrane 
(Va r'6= -38 mY, Va as' = -28 mY), and decreases fRa (fRapre = 0.54, fRapost = 
0.42) . The permeability of the apical cell surface to cr has been demon­
strated in the presence of amiloride by substituting gluconate for cr in the 
apical bathing solution and measuring the resulting depolarization of the 
apical membrane (Va pre = -38 mY, Va post = -20 mY, fRapre = 0.57, fRapost = 
0.66). Exposure to isoproterenol further depolarizes the apical membrane '6 
to -9 m V but does not affect Vb' 

Relative to normal epithelia, Vt and Ise across CF nasal epithelia are 
consistently high (V, CF polyps = -15 m V, Ise CF polyps = 170 IlA/ cm2) 16. Amiloride 
in the mucosal bathing solution blocks 95% of the lIt across freshly excised 
CF nasal polyps and increases fRa from 0.51 to 0.69 . Isoproterenol has no 
effect on V" Ise' Gp Va' V h' or fRa across CF epithelia, even in the presence of 
amiloride. In amiloride-pretreated tissues, replacing cr in the luminal 
bathing solution with gluconate causes a slight increase in Vt (Vt pre = -1 m V, 
Vt post = -4 mY), but no significant change in Va or Vb is observed '6. 
Isoproterenol has no effect on Va when added to freshly excised CF nasal 
epithelial preparations pretreated with amiloride and bathed with a low cr 
solution on the mucosal side '6. 

Ion transport in cell cultures 

In general, human airway epithelial cells in culture display bioelectric 
properties that are similar to those of intact tissue, although two exceptions 
are evident (Table 10.2): Ise and Gt are lower in cultured cells than in freshly 
excised human nasal epithelia (Table 10.2 and reference 17). The reasons for 
these differences are not clear but may involve bacterial products produced 
in freshly excised tissues 18, direct handling of the epithelia during excision 
and mounting of fresh tissue, differences in morphology (e.g. cultured cells 
may have less basolateral membrane per unit of apical surface area resulting 
in a lower density of transport elements such as the Na+/K+ ATPase), and/ 
or differences in the densities of transport elements (e.g. conductive 
channels) in the apical membranes. 

As in freshly excised tissues, Ise is higher in CF nasal epithelia than in 
normal nasal epithelia cultured under identical conditions '9. Amiloride 
inhibits 85% of the spontaneous transepithelial potential difference across 
CF cultures compared with 46% in normal cultures (CF Vt pre = -25 m V, 
Vtpost= -4 mV;NormalVtpre = -9 mV,Vtpost=-5 m-v)19.lsoproterenolinthe 
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Table 10.3 Effects of A23187 on cultured human nasal epithelia pretreated with amiloride 
(10-4 mol/L') 

V,(mV) 
UJ.lA/cm2) 
fRo 

Baseline 

-7.4 
12.6 
0.54 

Normal 

A23187 

-7.4 
20.0 
0.48 

See Willumsen and Boucher" for original data. 

Cystic fibrosis 

Baseline 

-1.9 
1.2 

0.68 

A23187 

-4.3 
7.0 

0.59 

Transepithelial potential difference (V,), short circuit (I,), apical membrane fractional 
resistance (fR.l; [A23187] = 10-<> mol L' 

presence of amiloride increases Isc by 50%, depolarizes the apical membrane, 
and decreases fRa in cultures of normal cells, but does not affect CF cells 
(Table 10.2)19. 

Differences in the apical membrane cr permeability of cultured normal 
and Cf cells have been studied using microelectrode techniques. The apical 
membrane fractional resistance of cultured CF nasal epithelial cells is higher 
than in normal cells (Table 10.2). Decreasing the cr concentration of the 
apical bathing solution increases Vt and decreases Vain cultured normal cells 
but does not change Vt or Va in cultured CF cells. Intracellular cr activity 
(acl) is the same in both cultured preparations under basal conditions 
(43 mmol L I vs 47 mmol L- I for normal and CF, respectively)20. Replacin~ 
cr in the apical bathing solution with gluconate decreases aCl to 27 mmol L­
in cultures of normal cells but has no effect on aCl in CF cultures20,21. 

As mentioned above, ,l3-adrenergic agonists do not increase the cr 
conductance (gCl) of the apical cell membrane in CF cultures. However, 
apical PCI in CF cells can be at least partially activated by exposing the cells 
to Ca2 ionophore (A23187). A23187 hyperpolarizes the apical membrane, 
increases Isc ' and decreases fRa in amiloride-pretreated cultures of CF and 
normal nasal epithelial cells (Table lO.3). If cr in the apical bathing 
solution is replaced with gluconate, A23187 lowers aCI in CF and normal 
cells22 to approximately 37 mmol L-I• 

A more detailed discussion on ion channel activity and regulation in 
cultured normal and CF airway epithelial cells can be found in Chapter 13 
contributed by Jeffrey J. Smith. 

APPLICATION OF CELL CULTURE TO CELL PHYSIOLOGY 

Ability to grow functionally differentiated epithelial cell preparations allows 
physiologists to study preparations developed by cell and molecular bio­
logists. For example, studies of salt and water transport by subpopulations 
of epithelial cells from remote areas of the respiratory tract (e.g. alveolar type 
II cells23,24 and bronchiolar cells25) have been conducted. In addition, the 
functional state of genetically altered cells and cell lines can be assessed. 

With regard to the airways, a technique for isolating and partially 
purifying non-ciliated (Clara) cells from the small airways of laboratory 
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animals was first described in 1981 by Devereux and Fouts26• As methods 
for culturing epithelial cells were developed, the techniques described by 
Devereux and Fouts were adapted to yield cultures of Clara cells whose 
function could be evaluated using conventional techniques25,27. Clara cells 
are isolated from the small airways of rabbits by protease digestion, and 
partially purified by centrifugal elutriation3 discontinuous density gradient 
centrifugation, and differential adherence2 • When seeded at high density 
onto crosslinked collagen matrices, the cells form confluent monolayers 
within 18 h. As in the canine trachea, the choice of culture media affects the 
function of the cells. Vt and Ise are greater in preparations maintained in 
serum-free (Ham's F12 supplemented with insulin, endothelial cell growth 
supplement, transferrin, cholera toxin, hydrocortisone, tri-iodothyronine 
and epider.mal growth factor) versus serum-supplemented (Ham's FI2 + 5o/g 
FBS) medlUm (Vt serum-free = 25 m V vs Vt serum = 8 m V; Ise serum-free = 44 JlA/ cm 
vs Iseserum = 16 JlA/cm2)25.27. Amiloride in the apical bathing solution inhibits 
Ise by approximately 70% in both preparations, and ion flux measurements 
across serum-free cultures indicate that 90% of the Ise can be accounted for 
by Na+ absorption (IN'net = 1.48 JlEq cm-2 h-1 which equates to 
39.6 JlA/ cm2)27. Therefore, unlike the canine trachea, the increase in short 
circuit current observed across cultures in serum-free hormone-supple­
mented medium is due primarily to an increase in Na+ transport, while cr 
secretory paths are largely unaffected. 

An apparent difference between Clara cells and other airway epithelial 
cell cultures is that Clara cells demonstrate a large electrically silent non­
conductive transepithelial cr pathway. This pathway has not been well 
characterized and its role in salt and water homoeostasis in the small 
airways is unknown. However, cell culture provides an avenue by which 
necessary experiments can be conducted. 

Cell lines derived from respiratory tract carcinomas have been reported28 

and several cell lines developed from normal or cystic fibrosis airway 
epithelia with oncogenes or viral genes29- 34• Some of these cell lines are 
reported to demonstrate exceptional preservation of morphological char­
acteristics28 . Studies to determine the ion transport activities and other 
functional properties of these cells are on~oing. Some lines develop 
transepithelial transport properties (Ise and Gt) 2,33, although these features 
may be lost at late passages. The matched CF and control cell lines reported 
by Jetten et al. 32 develop baseline bioelectrical properties and responses to 
low luminal cr or amiloride similar to those of cultured epithelia (Table 
10.2), but with quantitative differences that may be due to the exogenous 
gene. Based on conventional and chloride-selective microelectrodes and on 
patch clamp studies, the CF cell line retains the regulatory abnormality that 
characterizes CF; that is, a reduced apical membrane chloride conductance 
and apical cr channels that are activated by Ca2+ ionophores but not by 
cAMP-dependent agonists. 

The recent identification of the CF gene35 and the availability of CF and 
normal human airway epithelial cell lines may facilitate experiments to 
identify the functions of the CF gene and its normal counterpart. Investi­
gators are actively developing methods for introducing genetic material, 
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such as the normal counterpart of the CF gene, into cells and assaying for 
the CF or normal phenotype. Such complementation of function would 
provide insight into the CF gene's functions and may lead to new 
therapeutic options. As one might expect, a wide variety of approaches is 
being tested, and an inevitable result of this work will be the refinement of 
cell physiological techniques. 

Current research trends in the field of airway epithelial physiology reflect 
a blending of physiology with cell biology, immunology, and molecular 
biology, and subsequent development of novel techniques for studying 
airway epithelial cell function in health and disease. The development and 
validation of cell culture systems for studying epithelial cell function in vitro 
has provided a common base on which physiology and the new disciplines 
can be integrated. Such an integration could be mutually beneficial, 
revitalizing the classical discipline while simultaneously accentuating the 
relevance of current biological techniques. 
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11 
Solution Transport Across Alveolar 
Epithelia of Fetal and Adult Lungs 

J. I. GAIlY, E. M. KROCHMAL and S. I. BALLARD 

INTRODUCTION AND BACKGROUND 

The complex architecture of the alveolar region of the lung has hampered 
investigation of solution transport by the epithelium that lines the airspace. 
Alveolar units are small (~80 !-lm diameter) and joined with other alveoli to 
form sacs. The sacs are connected to other alveoli by a highly branched duct 
system and pores of Kohn which allow bulk flow and the passage of 
particles as large as cells I. These properties, coupled with the lack of rigidity 
of the air-filled adult lung, make it difficult to apply techniques that have 
been developed to study large sheets of epithelia or the epithelia of small 
tubules within other organs. Solute and water movement across epithelia in 
different regions of the gastrointestinal trace, renal tubule3 and, more 
recently, large airways have been studied extensively. These studies have led 
to working models that describe the modes and paths of solution flow 
through the epithelial barrier. This information provides a basis for 
evaluation of the role that cells disaggregated from the epithelium and 
maintained or grown in cell culture may have played in the function of the 
intact epithelial barrier. However, there is little direct information about 
solute and water transport across the native alveolar epithelium in vivo or in 
vitro. Consequently, it is difficult to judge how closely the behavior of 
cultured barriers that are enriched with an alveolar cell type resembles the 
function of the native epithelium. 

Moreover, there is no widely accepted cultured epithelial barrier com­
posed of the cell type that covers most of the interface between the airspace 
and interstitium. Type I pneumocytes comprise less than one half of the 
adult population of cells but cover more than 95% of the surface l . These 
cells are nearly devoid of organelles and are less than I !-lm thick except in 
the vicinity of the nucleus. Type II pneumocytes line less than 5% of the 
alveolar surface. These cells are cuboidal and relatively rich in organelles, 
such as mitochondria, endoplasmic reticulum and lamellar bodies. Even 
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though lamellar bodies have been noted in type I cells4, there is strong 
evidence that lamellar bodies which contain pulmonary surfactant and 
associated proteins are synthesized and organized within the type II cell. 
Whereas type II cells secrete lamellar bodies into the airspace, the lamellar 
forms within type I cells are thought to participate in a process of surfactant 
reuptake and recycling. The secretion or reabsorption of crystalloids with 
surfactant has not been studied. Injury to the alveolar surface results in a 
proliferation of type II cells5• This observation has spawned the notion that 
type II cells are the progenitors of type I cells. 

Pulmonary alveolar macrophages may also be part of the alveolar lining, 
but many of these cells can be washed out of the alveolar region by lung 
lavage. Accordingly, macrophages must be free or loosely attached. 

By conventional electron microscopy and freeze-fracture analysis, the 
junctions that join the lumenal borders of type I and II pneumocytes of the 
intact alveolus fit the criteria for a morphological 'tight' junction6• These 
junctions, in contrast to junctions between capillary endothelial cells in the 
same region, exclude relatively large protein probes, such as horseradish 
peroxidase (molecular radius ~3.5 nm), that are injected into the pulmon­
ary circulation. 
. Only pr7epara~ions enriche~ with type II cells have been ~o~tin~ly. grown 
m culture' . WIthout a bamer composed of type I cells, It IS dIfficult to 
project how the two cell types might contribute to the barrier properties of 
the native epithelium, even if these properties were well-known. Conse­
quently, information about membrane transport and permeability of type II 
cells is valuable but cannot be meaningfully integrated, at this time, into a 
scheme for the native barrier. 

Based on this perspective, several important characterizations are necess­
ary before phenomenological evaluation of the pulmonary alveolar epith­
elium can approach that for other major epithelia. These include: 

(I) Assessment of barrier properties of an intact alveolar region that is 
separated from the adjacent airway epithelia; 

(2) Disaggregation and culture of an epithelium representative of the 
mixed cell popUlation of the native barrier; 

(3) Comparison of properties of the mixed cell barrier with properties of 
the native epithelium; 

(4) Culture and characterization of a barrier composed of type I 
pneumocytes; 

(5) Integration of properties of barriers with type I and type II 
pneumocytes into a simulation of properties of the native barrier. 

Even with this information, the importance of integrated transport by the 
alveolar epithelium of air-filled lung in normal (or patho-) physiology is not 
obvious. Impressive physical forces are present at the air-epithelial interface 
and have been proposed as major regulators of alveolar surface liquid 
volume and composition9. The melding of this view with evidence for active 
ion transport from liquid-filled preparations is a major challenge for future 
research. The remainder of this chapter is devoted to reviewing how closely 
our knowledge of alveolar epithelial function approaches projections based 
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on the behaviour of the entire pulmonary epithelium and the ideal 
characterization described above. 

FETAL PULMONARY EPITHELIUM 

The lung of the normally developing fetus is liquid filled, and it was shown 
many years ago that liquid in the developing airsp'ace is the result of liquid 
secretion rather than aspiration of amniotic fluid 10. The maximum rate of 
secretion has been estimated to be 2-3 ml h- ' (kg body weightr' in sheep". 
The processes that drive liquid into the lumen have been studied in sheep 
and rabbits by several groupsI2-15. Secretion of cr (with attendent Na+ and 
water flow) appears to be the major driving force. The cr concentration in 
fetal lung liquid of dogs and sheep is 22-47% greater than that of plasma'6,'7, 
a finding that cannot be accounted for by Donnan forces. Moreover, the 
electric potential difference (PO) across the fulmonary epithelium of fetal 
sheep lung is about 4 m V, lumen negative 1 . The ratio of unidirectional 
flows of 36cr across the epithelial barrier do not fit the prediction for passive 
movement, whereas 22Na+ fluxes appear to follow the gradient of electro­
chemical driving force '8 . Consequently, cr accumulates in lung liquid 
against a gradient of both electrical and chemical potential. The pattern of 
permeation of hydrophilic probe molecules of different size can be des­
cribed" as flow through 'pores' with an equivalent radius of about 0.6 nm. 
This finding, coupled with the low permeability to even small probes, 
implies that the entire fetal pulmonary epithelium is a barrier comparable to 
that of other 'tight' epithelia, such as amphibian skin and urinary bladder, 
mammalian large intestine, and the distal tubule of the renal nephron. 

Shortly before birth, liquid secretion slows and is supplanted by an 
absorptive process which is inhibited when amiloride, a Na+ channel 
blocker, is added to lung liquid 14. This observation implicates a role for 
active Na+ transport in absorption. At the time of reabsorption, concent­
rations of catecholamines in the maternal and fetal circulation are raised. 
Injection of isoproterenol, a ,8-adrenergic agonist, into the fetal circulation 
induces an absorption that is inhibited by the ,8-blocker, propranolol '9. 

Consequently, interaction of the ,8-agonist with ,8-receptors appears to be 
required for the induction of absorption. We will show later that exposure 
of excised fetal alveolar and airway epithelia (and some adult airway 
epithelia) to ,8-agonists routinely leads to cr secretion (also blocked by 
propranolol) rather than Na+ absorption. Recent studies with fetal sheep 
lung in vivo have demonstrated that thyroidectomy abolishes the absorptive 
response to ,8-agonists20. This observation implies that at least one other 
humoral agent is required to tune the ,8-receptor-effector system for the 
absorptive response. From the ouabain-sensitive 86Rb uptake into pulmon­
ary granulocytes (type II cells) disaggregated from rabbit lung, Bland and 
Boyd21 inferred that paths of Na+ absorption increased with gestational age. 
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FETAL AND NEONATAL AIRWAY EPITHELIUM 

Because liquid begins to accumulate in the primitive trachea before the 
development of alveoli22, it was suspected that airways participate in the 
production of lung liquid. Clear evidence for this expectation emerged from 
studies of airways excised from fetal sheep and dogsI7.23.24. With the 
transepithelial PD clamped to zero (short-circuited), unidirectional fluxes of 
22Na+ across the fetal trachea were symmetrical and compatible with passive 
permeation, whereas the flow of 36cr from the submucosa to lumenal bath 
exceeded the flux in the opposite direction. Net cr flow (secretion) was 
about equal to the current required to hold the voltage clamp (equivalent 
short-circuit current). Current, voltage, and cr secretion were stimulated by 
isoproterenol. Lumenal amiloride did not affect bioelectric properties of the 
epithelium or ion fluxes but replacement of submucosal Na+ by choline 
inhibited the short-circuit current. The evidence suggested that a path for 
Na+ absorption had not yet developed and that Na+-dependent cr secretion 
dominated active ion flow. This pattern persisted for tracheas excised from 
neonatal dogs up to one month of age and for week-old neonatal sheep. 
Although it was difficult to mount smaller fetal airways, such as bronchi, in 
the chambers and ensure adequate edge seal for an accurate measure of net 
ion flux, stimulation of transepithelial PD and short-circuit current by 
isoproterenol in the submucosal bath and the absence of a response to 
lumenal amiloride suggested that cr was secreted in this region of fetal 
airways. When bronchi from neonatal (I-month-old) dogs were excised and 
mounted in chambers, measurements of unidirectional flows of 22Na+ 
revealed a net Na+ absorption, whereas 36cr flows were usually symmetrical 
under short-circuit conditions and compatible with passive permeation. 
Isoproterenol induced or increased cr secretion without affecting Na+ 
absorption. Amiloride blocked the absorption of Na+. 

The pattern of unidirectional Na+ and cr flow across excised neonatal 
sheep trachea indicated that cr secretion dominated active ion transport by 
tissue from the newborn, but Na+ absorption was the major net flow across 
tracheas excised from one-week or older lambs25 . 

These studies of developing airways suggest that Na+ absorption matures 
well after birth and that this process could not contribute to the clearance of 
liquid from the airspace of these species before and immediately after birth. 
In addition, the appearance of Na+ absorption in bronchi, but not in the 
trachea, of the one-month-old dogs implies that the capacity for absorption 
spreads from distal to proximal structures. However, there may be import­
ant differences in the time-table for maturation of this function in different 
species or in the same species reared under different conditions. For 
example, Olver and Robinson26 found a small Na+ absorption but no 
evidence of cr secretion by tracheas excised from fetal sheep. More 
important, the PD across nasal epithelium of premature and term human 
infants in vivo was comparable to that of adult subjects and the magnitude 
of the decrease in PD induced by exposure of the lumenal surface of the 
neonatal or adult epithelium to amiloride was similar27 • Since the 
permeability and transport properties of the nasal epithelium, trachea and 
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Figure 11.1 Trachea excised from a rat fetus at day 16 of gestation and submerged in culture 
for two weeks (bar represents I mm). Reprinted, with permission, from Am. J. Physio/. 

large bronchi of human adults are comparable, the amiloride sensitivity of 
the transepithelial PD of premature infants indicates that Na+ transport may 
be much more fully developed in the large airways of humans around the 
time of birth. 

Tracheas have been explanted from fetal rats and held in submersion 
culture for up to three weeks28•29 • Under these conditions, the cut ends seal 
over and liquid is secreted into the lumen (Figure 11.1). After two weeks in 
culture, most non-epithelial cells have disappeared and the liquid cysts are 
surrounded by a pseudostratified epithelial monolayer with an associated 
basement membrane. The majority of the epithelial cells are ciliated (Figure 
11.2). Analyses of liquid obtained by micropuncture of cysts or from the 
responses of ion-selective electrodes during the impalement of cysts are 
characterized by a cr concentration greater than and Na+ concentration 
about equal to that of the culture medium29 • Since the cyst lumina are about 
15 m V negative with respect to the bath (Table Il.l), cr must accumulate 
against the electrochemical gradient. Further, the response of transepithelial 
PD to drugs or changes in solution composition that would be expected to 
affect solute transport suggested that Na was not absorbed (insensitivity to 
lumenal amiloride) and that cr secretion (inhibited by bumetanide) was 
stimulated by /3-adrenergic agonists (terbutaline) and dependent upon 
basolateral (bath) Na+. 

When tracheal epithelial cells were disaggregated from fetal rabbits in late 
gestation and were cultured on planar collagen gel matrices, only 7% of the 
basal short-circuit current was sensitive to amiloride whereas most of the 
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Figure 11.2 Cross-section of fetal tracheal explant after two weeks in submersion culture (bar 
represents 20 J.Im, arrows point to ciliated cells) 

residual current was inhibited by furosemide, a loop diuretic which is likely 
to block the path of cr secretion30• The response pattern of cultured 
epithelium from adult tracheas was similar except that inhibition by 
amiloride was greater (24%) and furosemide inhibition was smaller (53%) 
than the values for fetal epithelium. 

All studies of fetal airway epithelia in culture lead to the conclusion that a 
barrier develops with typical morphological cell differentiation. But, ion 
and volume transport seem to be locked into the fetal pattern. The modes of 
ion transport, however, are probably not different from those described for 
the adult airways (Figure 11.3). Inhibition of cr secretion by loop diuretics 
suggests that cr enters the cell through the basolateral membrane on a 
electroneutral, Na+, (K+?), cr co-transporter which is driven by the trans­
membrane Na+ (and Cl) gradient. Replacement of basolateral Na+ by 
choline impedes cr entry. cr efflux from cell to lumen occurs through cr 
channels in the apical membrane. Evidence for this channel comes from 
microelectrode studies of tracheal epithelium that was freshly excised from 
fetal dogs23 (Figure 11.4). Replacement of cr in the lumenal bath by 
gluconate depolarized the apical membrane. Pretreatment of the prepara­
tion with a ,l3-adrenergic agonist appeared to open more channels and 
effected an even greater voltage response across the apical membrane when 
lumenal CI was replaced. 

Na+ absorption, when it develops in fetal or neonatal airways, exhibits the 
hallmarks of the pump-leak system that has been described for many 
epithelia. Na+ in the lumenal compartment is drawn down the electro­
chemical gradient through channels in the apical membrane that can be 
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Table 11.1 Effects of drugs or bath composition on the trans epithelial PD across fetal rat 
pulmonary explants in culture for 14 days 

% Change from basal P D (treated-control·) (mean ± SE) 

Drug or bath Alveolar buds Tracheas 
(basal PD=1.8 mV) (basal PD=12 mV) 

Bumetanide (100 !lmol L " 
bath) -284±61t -35±6t 

Terbutaline (10 !lmol L " 
bath) 56± 9t 34±6t 

Amiloride (100 !lmol L', 
lumen) 1±1O -5±4 

Ouabain (2.3 mmol L', bath) -101±12t -77±3t 

Na'-free Ringer -31±23 -78±5t 

*Change in PD of 9 explants by a drug or Na'-free (choline) Ringer bath compared with PD 
change that accompanied incubation of an equal number of explants with drug vehicle or Na'­
replete Ringer 
t Change significantly different from zero (p <0.05) 

blocked by amiloride. Na+ in the cell is pumped out by a transporter that is 
linked to a cardiac glycoside-sensitive Na+, K+-ATPase in the basolateral 
membrane, This transporter contributes indirectly to cell negativity by 
establishing the transmembrane K+ gradient and, perhaps, directly by its 
own electrogenicity, The low intracellular Na+ concentration provides a 
driving force for the secondary co-transport of cr and Na that was 
described above, Cardiac glycosides disrupt cr secretion by destroying the 
transmembrane Na+ gradient. 

FETAL ALVEOLAR EPITHELIUM 

The most direct evidence for liquid secretion by the epithelium of the fetal 
alveolar region comes from cultures of explants of fetal rat lung. When 
alveolar buds of 14-day fetuses are separated from the primitive trachea and 
submersed in culture medium supplemented with newborn28 or fetal calf 
serum29 , each bud forms about 10 liquid-filled cysts (Figure 11.5). The cysts 
are lined with an epithelial monolayer which is made up of thin (2~4 ~m) 
cells in the septal regions between cysts (Figure 11.6) and of thin cells and 
cuboidal cells with lamellar bodies in the barrier between the cyst lumen a 
and the bath29 (Figure 11.6). 

Fetal explant volume and cyst liquid increase from close to zero to 900 nl 
after one week in culture and to nearly 2900 nl after two weeks. The rate of 
liquid secretion approximates 0,2 ~l cm-2 h- I, Lamellar bodies are 
infrequently found in the epithelial cells of one-week buds but are present in 
about half of the cuboidal cells after two weeks in culture. These observa­
tions indicate that the epithelium of the alveolar region, like that of the fetal 
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Figure 11.4 Profile of bioelectric PD across the cell membranes of excised fetal canine 
tracheal epithelium during exposure of the lumenal surface to Krebs Ringer bicarbonate 
solution (KRB) or a KRB with most (122 of 125 mmol L ') of the chloride replaced by 
gluconate14• The submucosal bath was the electrical reference (0 mY) and contained KRB or 
KRB with 10 5 mol L ' isoproterenol 
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Figure 11.5 Alveolar bud excised from a rat fetus at day 14 of gestation and submerged in 
culture for two weeks (bar represents I mm). Reprinted, with permission, from Am. J. Physiol. 

trachea in submersion culture, undergoes morphological cell differentiation 
but maintains a solution transport typical of early fetal life. 

Analysis of cyst liquid by microsampling or ion-selective electrodes 
revealed a cr concentration or activity that was 15- 40% greater than that of 
the bath29 • Na' and K' concentrations in alveolar cysts, like those of fetal 
tracheal cysts, were not significantly different from cation concentrations of 
the bath. Since the lumen of the alveolar cyst was 1- 3 m V negative with 
respect to the bath, cr was accumulated against a gradient of electro­
chemical potential. 

The transepithelial PD of alveolar cysts was inhibited by bumetanide or 
ouabain in the bath, but not by amiloride that was microinjected into the 
cyst lumen or by replacement of bath Na' by choline (Table Il.l). The 
effects of the loop diuretic on alveolar cyst PD and the insensitivity to 
amiloride imply a role for CI, but not Na', transport in basal epithelial 
electrogenesis. However, this Cl transport, in contrast to the process in 
tracheal cysts, did not require basolateral (bath) Nat. The pattern is not 
unique: exposure of the alveolar epithelium of the bullfrog lung to a Na'­
free medium does not affect Cl secretion31 • 

The f3-adrenergic agonist, terbutaline, stimulated the PD across fetal 
alveolar cysts. Stimulation was blunted when alveolar buds or tracheas were 
pretreated with bumetanide (Figure 11.7). These results imply that the 
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Figure 11.6 Cross-section of septum between two liquid-filled cysts of an alveolar bud after 
two weeks in submersion culture (bar represents 20 ~m) 

increase in PO is the result of a stimulation of cr secretion rather than Na+ 
absorption. 

To summarize, the composition of alveolar cysts and the response of the 
transepithelial PO to drugs that affect ion transport favour the existence of 
a cr -secretory process which drives solution into the cyst lumen. Only the 
Na+ independence of this process distinguishes it from cr secretion by fetal 
tracheal epithelium. 

ADULT PULMONARY EPITHELIUM 

Ever since the studies of Courtice and Phipps32, it has been clear that large 
volumes of liquid can move across the barrier between the airspace and 
blood. Kylstra believed that the enormous surface area of the lung could be 
used as a dialysis membrane33, but was surprised to learn that solutes moved 
across the barrier slowly. This relativel¥ low permeability was confirmed for 
sma1l36 and large hydrophilic solutes 5. Taylor and Gaar36 showed with 
several hydrophilic solutes that reflection coefficients of the vascular 
endothelium of the vascular perfused excised canine lungs were consider­
ably smaller than those of the pulmonary epithelium. Matthay and co­
workers37,38 demonstrated that liquid could be cleared, against a gradient of 
colloid osmotic pressure, from autologous serum that was added to the 
airspace of lungs of anaesthetized sheep, dogs and rabbits. Absorption was 
stimulated by terbutaline and inhibited by amiloride that was added to the 
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Figure 11.7 Change in PD across liquid-filled cysts of alveolar buds or tracheas in submersion 
culture induced by 10 4 mol L I bumetanide (open histograms) or by bumetanide and 
IO' mol L I terbutaline (stippled histograms) in the culture medium 

airspace liquid. Terbutaline also increased the unidirectional flow of 22Na+ 
but not sucrose from airspace to the perfusate of the excised rat lung39• The 
unidirectional flux of Na+ was inhibited by a high concentration 
(10-3 mol L-') of amiloride in the perfusate. Whereas these observations are 
compatible with active Na+ absorption, they do not exclude exchange 
processes (e.g. Na+ I H+ exchange) or changes in the electrical driving force. 
Attempts to demonstrate basal volume absorption, stimulation by 
terbutaline, and inhibition by ouabain or amiloride from changes in weight 
of the perfused lung were interpreted by the authors as compatible with 
active Na+ absorption. However, basal weight changes were erratic and the 
weight gain induced by amiloride implies more than inhibition of absorp­
tion of airspace liquid. Effros et al. 40 found that the glucose concentration of 
liquid in the airspace of vascular-perfused rat lung declined more rapidly 
than the concentration in the perfusate. Moreover, reabsorption, as 
measured by a volume marker, was inhibited when glucose in the airspace 
liquid was replaced by mannitol. They proposed that glucose transport 
could generate an osmotic driving force for volume absorption. The most 
comprehensive studies of liquid clearance from the vascular-perfused rat 
lunp ~isolated or cross-circulated in situ) have been carried out by Basset et 
al.4 4 • Unidirectional flows of radio-N a+, -cr and -mannitol into and out of 
airspace liquid were monitored along with the concentration of labelled 
albumin, a nearly impermeant volume marker, in airspace liquid. Volume 
was cleared from the airspace by a process that was inhibited by ouabain in 
the perfusion, or by amiloride or phloridzin (inhibtor of Na+-glucose co­
transport) in the airspace liquid, but not by phloretin (inhibitor of glucose-
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facilitated diffusion). Estimates of ion flow that was unassociated with 
reabsorption suggested that the transepithelial PO was too small «5 m V) 
to affect flux and that small hydrophilic solutes flowed around cells by 
unrestricted diffusion. K+ flux into an ion-free airspace solution with 
glucose was more rapid than the flow of Na+ and was inhibited by Ba2+ in the 
airspace solution. Ouabain in the airspace reduced 86Rb flow out of airspace 
instillate, but Ba2+ in the instillate slightly increased 86Rb efflux. Basset and 
co-workers propose glucose-dependent and independent paths of Na+ and 
solution absorption. In addition, they suggest a path for K+ secretion and 
absorption, each of which requires ouabain-sensitive K+ accumulation at 
one cell surface and a Ba2'-inhibitable leak at the other. Whereas secretion 
of K+ by this kind of pathway is common for many epithelia (e.g. renal distal 
tubule3, toad urinary bladder treated with amRhotericin B44), stimulation of 
86 Rb efflux from the airspace induced by Ba + is in the wrong direction to 
support the theory. Regardless of the nature of the transport processes, 
none of the paths described by any of these investigators can be unequivo­
cally assigned to the alveolar epithelium. 

ADULT ALVEOLAR EPITHELIUM 

Amphibian lungs are composed of a short airway connected to a single 
chamber lined mostly with primitive alveolar epithelial cells. This simple 
architecture makes it easy to mount the lung as a sheet in a traditional flux 
chamber. Studies of bullfrog lung demonstrated that the epithelium gener­
ated a 20 m V (lumen negative) PO and secreted cr by a process that was 
ins~~sitive to amiloride11 ~~~ inh~bited by loop diuretics, bu~ di.d ~ot require 
Na III the pleural bath ' , . ThiS pattern of Cl transport IS Similar to that 
described above for fetal alveolar buds. Passive hydrophilic solute flow was 
dominated by restricted diffusion through paths with equivalent pores of 
less than 0.1 nm radius 47.48. Other amphibian lungs, such as those of 
Necturus, absorb N a+ and water 49 but the columnar epithelial cells that line 
the organ are more typical of the gastrointestinal tract than the lung. The 
lung epithelium of Xenopus resembles mammalian alveolar epithelium 
more closely. This preparation generates an amiloride-sensitive short circuit 
current, which implies the presence of a path for N a+ absorption50• 

Recently, we tried to separate the alveolar and terminal airway regions 
from larger airways of the vascular-perfused excised left lobe of the rat 
lungS I 53. Three ml of Ringer solution with blue dextran were instilled into 
the airspace and withdrawn. Then, residual aqueous solution (0.5-0.7 ml) 
was pushed into distal structures by inflation of the lobe with an immiscible 
02-carrying fluorocarbon (Figure 11.8). When perfused with Ringer solu­
tions, these lobes changed weight in response to the transalveolar colloid 
osmotic gradient, but were not affected by inhibitors or stimulators of ion 
transport (Table 11.2). When rat serum or fetal bovine serum was mixed 
with the Ringer solution (40% v / v), colloid osmotic gradients still induced 
weight changes, but weight was lost when the osmotic driving forces across 
the airspace- vascular barrier were balanced. The source of the lost weight 
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Figure n.s Simplified representation of the protocol for blocking, with fluorocarbon (clear), 
small volumes of aqueous instillate (cross-hatched) in the alveolar region of a vascular-perfused 
left lung lobe. A :: airspace (lumen) inflated through the bronchus with aqueous solution; B :: 
most of the aqueous solution withdrawn; C :: aqueous solution pushed to distal regions by 
inflation of lobe to full capacity with fluorocarbon 

appeared to be the airspace lumen because lobes did not lose weight when 
the entire airspace was filled with fluorocarbon (no Ringer solution 
instilled). Replacement of Na+ in the airspace liquid by choline, or inclusion 
of amiloride, ethyl isopropylamiloride (an inhibitor of N a+ - Ht exchange), or 
phloridzin in the instillate reduced the rate of weight loss. Treatment of 
lobes with CN- and dinitrophenolate induced a reproducible weight gain. 
We conclude that volume absorption is probably driven by Na+ which enters 
the cell coupled with glucose and by Na'-H' exchange and then is extruded 
by Na+ pumps in the basolateral membrane. The role of a Na+ channel in the 
apical membrane in the absorptive path has not been defined. Metabolic 
inhibitors probably damage the vaSCUlar-airspace barrier and induce 
pulmonary oedema. 

When aqueous solution in the alveoli was sampled by micropuncture and 
the concentration of blue dextran was measured in a nanolitre colorimeter, 
neither basal conditions, nor an osmotic gradient that induced a greater 
weight loss, concentrated blue dextran in subpleural alveoli (Table 11.3/2- 54 . 

In contrast, exposure to metabolic inhibitors induced a weight gain that was 
easily detected as dilution of blue dextran. We were forced to infer that 
basal volume flow and flow induced by colloid gradients occurred in a 
region different from subpleural alveoli (e.g. unblocked small airways). 

In spite of the lack of evidence for major volume flow across the alveolar 
epithelium, there was a hint that Nat transport was present in this region. 
When subpleural alveoli of fluorocarbon-blocked lobes were impaled with 
microelectrodes and the effects of different instillate and perfusion compo­
sitions were t~sted, only amiloride decrea.sed the trags5~~jthelial ~~ of 4 ~ V 
(lumen negatlve) to a value near zero (FIgure 1l.9) , , . CondltlOns whlch 
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Table 11.2 Effect of agents or colloid on the rate of change in weight of excised, vascular­
perfused, fluorocarbon-blocked left lobes of the adult rat lung 

Perfusion Aqueous instil/ate Weight change 
(mg/min) 

(mean±SE) 

KRB - 6% colloid None +2.3±1.2' 

KRB - 6% colloid, 40% serum None + 1.2±1.2' 

KRB - 6% colloid KRB -5.8±0.8* 

KRB - 6% colloid KRB - 6% colloid -0.2±0.6' 

KRB - 6% colloid, 40% serum KRB - 6% colloid - 3.2±0.8* 

KRB - 6% colloid, 40% serum KRB - 6% colloid, -5.4± 1.2* 
terbutaline 

KRB - 6% colloid, 40% serum Na-free KRB - 6% + 1.3±0.7' 
colloid 

KRB - 6% colloid, 40% serum KRB - 6% colloid, -l.I±0.5 
amiloride 

KRB - 1% colloid, 40% serum KRB - 6% colloid -0.6±1.0' 

KRB - 6% colloid, 40% serum Glucose-free KRB - 6% +0.1±1.3' 
colloid, phloridzin 

KRB - 6% colloid, 40% KRB - 6% colloid +8.5±1.2*' 
serum, CN , DNP 

0.5-0.7 ml of aqueous instillate was blocked in the alveoli with fluorocarbon. Values represent 
means for three or more lobes. KRB = Krebs Ringer bicarbonate solution; terbutaline = 
10 j mol L '; amiloride = 10 4 mol L '; EIPA = ethylisopropyl amiloride 10 6 mol L '; phloridzin 
= 10 J mol L '; CN = NaCN 'mol L '; DNP = dinitrophenol 10-4 mol L '; *Significantly 
different from zero (p <0.05). 'Significantly different from KRB-colloid-serum perfused, KRB 
instillate (p > 0.05) 

were likely to limit glucose entry from airspace liquid were marginally 
inhibitory, and agents that affect cr transport were without effect. 

When the entire lobe was filled with Ringer's solution, amiloride or 
bumetanide induced, at most, a partial inhibition of alveolar transepithelial 
PD, whereas replacement of instill ate cr by gluconate hyperpolarized the 
PD. These two responses of the liquid-filled lobe resemble the pattern that 
has been described for large airways. Inhibitors of Na+ transport only 
partially inhibit PD because electrogenic cr secretion is increased or 
unmasked 57. Replacement of lumenal cr results in a bi-ionic PD across cr 
permselective channels in the apical membrane58. 

There was no evidence for Cl permselectivity in fluorcarbon-blocked 
lobes even though the backflux of Cl into the small volume trapped in the 
alveoli was sufficiently slow (2 mEq L I min-I) to maintain a substantial cr 
gradient across the epithelium56. Consequently, airway epithelia appear to 
make a major contribution to the voltage across the entire pulmonary 
epithelium. This contribution obscures PD responses of the alveolar 

246 



TRANSPORT BY FETAL AND ADULT ALVEOLI 

Table 11.3 Comparison of volume flow from (weight change of) excised, vascular-perfused 
fluorocarbon-blocked left lung lobes with changes in the concentration of a volume marker in 
subpleural alveoli 

Treatment Alveolar Blue Dextran Concentration (%) (mean±SE) 

Instil/ate After weight Ll Projected from 
weight Ll 

Alveolar instillate 3.2±0.3 2.9±0.3 3.6±0.1 
with 6% colloid 

Colloid-free 3.2±0.2 3.5±0.6 5.3±0.6 
alveolar instillate 

Alveolar instillate* 3.7 2.4 2.5 
with 6% colloid, vascular 
perfusion with CN and DNP 

The rate of weight loss was monitored for 40 min, then liquid from subpleural alveoli was 
sampled by micropuncture or *blue dextran concentration was monitored for 40 min by 
random micropuncture and the concentration from weight change was calculated from the data 
in Table 11.2 

epithelium. Moreover, cr permselectivity of the alveolar epithelium 
appears to be substantially smaller than that of entire pulmonary epithelium 
and, by difference, the airway epithelium. 

We conclude that the subpleural alveolar epithelium has the capacity to 
transport Na+ (actively), but that this transport does not make a major 
contribution to liquid absorption from the fluorocarbon-blocked lobe. 
Since the method detects the formation of oedema in, but not liquid 
absorption from, the subpleural alveolar lumen, we are left with the notion 
that liquid absorption in fluorocarbon-blocked lobes is mediated by other 
regions of the lobe that are not occluded by fluorocarbon, e.g. small 
airways. 

Alveolar epithelial cells in culture 

The purification of type II cells from freshly disaggregated lung was made 
easier by relatively selective markers, lamellar bodies and surfactant 
production. When preparations enriched with type II cells were cultured on 
impervious surfaces, confluent cell layers were characterized bJ the appear­
ance and disappearance of liquid-filled hemi-cysts or 'domes,7, . The rate of 
dome formation was affected by agents that inhibit (amiloride, ouabain) or 
stimulate (terbutaline) Na+ absorption by the pulmonary epithelium, but not 
by loop diuretics that block airway epithelial cr secretion. cr secretion was 
awkward to study because loop diuretic accessibility to cyst liquid between 
the support and the cells was not known and the composition of cyst liquid 
was not measured or controlled. 

The successful culture of type II pneumocytes on permeable matrices and 
the development of confluent monolayer barriers that could be mounted as 
a septum between small flux chambers was an important advance in 

247 



EPITHELIA 
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Figure 11.9 Transalveolar PO of vascular-perfused left lobes with airspace (lumen) filled 
entirely with KRB (cross-hatched) or with KRB blocked in the alveolar region with 
fluorocarbon (stippled). KRB on the pleural surface was the electrical reference. All POs were 
measured with a microelectrode in the lumen of subpleural alveoli and were lumen negative. All 
drugs or changes in composition were in the aqueous instillate except for OMSO (bumetanide 
vehicle) and 10-' mol L-' bumetanide which were added to the perfusion. Other drug 
concentrations were: terbutaline = 10 ' mol L '; amiloride = 10-' mol L-'; phloridzin = 
IO-J mol L '; EIPA = 10 ' mol L ' 

quantitation and experimental control. These preparations were character­
ized by small transepithelial PD's «5 m V) and resistances8,60 that ranged 
from several hundred to more than 1000 n cm2• The equivalent short­
circuit current of type II cell barriers was stimulated by cylic-AMP 
analogues and agents that are known to raise the intracellular concentration 
of cyclic-AMP. Exposure of the surface of attachment to ouabain or the 
opposite surface (lumenal?) to amiloride or N a+ -free solution inhibited 
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Table 11.4 Liquid absorption by cultured rat alveolar epithelial cell monolayers and the 
pulmonary epithelium of liquid-filled rat lungs 

Rat tissue 

Cultured 
Type II cells 
Type II cells 
Type I cells? 

Excised 
Liquid-filled lung 
Vascular perfused 

*amiloride-sensitive 
'lumenal Na'-dependent 

Short-circuit current 
(fiA/ cm') (fiEq cm 2 h ') 

4.4 
2.9 
4.1 

0.16 
0.11 
0.15 

J Absorption Reference 
(fil cm 2 h ') 

1.1 
0.8 
1.0 

0.05* 
O.IOt 

8 
60 
61 

42 
42 

short-circuit current. These observations are similar to the pattern noted for 
Na+ absorption from liquid-filled lung (see above). Recently, a type II 
preparation that forms electrically tight barriers but resembles, after some 
time in culture, the morphology of type I cells has been described61 • Resting 
equivalent short-circuit current of this preparation is similar to that of 
conventional type II cell preparations (Table 11.4) and the pattern of drug 
response is comparable. When the short-circuit current is assumed to equal 
net Na+ flux that drives isosmotic volume flow, an 'absorption' of around 
1 III cm -2 h I is estimated for type II cell barriers (Table 11.4). This flow is at 
least 10 times the volume absorption per unit area for the entire pulmonary 
epithelium of the isolated vascular-perfused rat lung. Volume absorption 
per unit surface area of the entire pulmonary epithelium probably over­
estimates the contribution of alveolar epithelium because large airways 
(trachea) excised from the rat are characterized by a ouabain-sensitive 
short-circuit current62 of more than 50 1lA/ cm2• Consequently, barriers 
composed of cultured type II cells probably absorb salt and water much 
faster than the native alveolar epithelium. Of course, this activity may be 
damped by dilution of type II cells in the native barrier by type I cells. 
Unfortunately, the paucity of information about ion transport and perme­
ability of type I cell barriers precludes this conclusion. 

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

Unlike studies of large airways, evaluation of solute and water balance 
across the alveolar epithelium is hampered by complicated architecture 
which limits the number of direct approaches to characterization of liquid 
and solute flow across this region. Consequently, there is little information 
about the function of the intact native epithelium with which cultured cell 
preparations can be compared. The development of a method to trap 
aqueous solution in adult alveoli and block much of the airway region with 
fluorocarbon is a crude attempt to separate airway from native alveolar 
function. These studies support the inference from experiments with whole 
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lung lavage that a path for Na+ transport dominates active ion translocation 
in this region. Moreover, pulmonary oedema induced by metabolic 
inhibitors appears to flow through the alveolar barrier. However, in 
contrast to projections from studies of whole lung, there is no direct 
evidence for liquid absorption from alveoli that lie just beneath the pleura. 

Submersion culture of explants from different regions of the fetal lung 
provides an opportunity to explore maturation of the integrated alveolar 
epithelium. Secretion of a cr rich solution at a rate similar to that estimated 
from liquid production by the entire fetal lung hints that functions of these 
preparations are representative of the native epithelium. But the fetal 
pattern of ion transport persists in the face of a maturing cell morphology. 
Whereas this behavior makes explants an obvious choice to test hormones 
that may convert a Cl secreting to a Na+ absorbing barrier, the dichotomy 
of structure and function raises questions about commonly accepted indices 
of maturation and differentiation. 

It is clear that these attempts to separate the alveolar epithelium from the 
airways and to study integrated epithelial alveolar function are a step in 
meeting the goals put forward earlier in this chapter. There are limitations 
to these approaches and important gaps remain in our knowledge of 
solution transport across the intact alveolar barrier in vitro. Until these 
deficiencies are eliminated and appropriate comparisons of intact and 
cultured preparations are made, it is premature to equate type II cell (or 
type I) behavior in culture to the function of the epithelium in the living 
lung. 
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12 
Regulation of Ion Channels in Cultured 
Airway Epithelial Cells 

J. J. SMITH 

INTRODUCTION 

The airways are lined with pseudostratified columnar epithelium comprised 
predominantly of goblet, ciliated and basal cells. The goblet cells secrete 
mucus into the airway lumen (apical surface) contributing, in part, to the 
protective layer of mucus that traps infectious, particulate and chemical 
hazards of inspired air. The more abundant ciliated cells are covered with 
apical membrane projections (cilia) which propel mucus toward the oro­
pharynx (mucociliary clearance( Basal cells anchor goblet and ciliated cells 
to the epithelial extracellular matrix2; they may also function as stem cells 
replenishing goblet and ciliated cells sloughed from the epithelium3• Adja­
cent epithelial cells are attached along their apical-basolateral borders by an 
elaborate complex of adherence proteins, including tight junctions (zonula 
occludens{ These junctions limit the diffusion of water, ions and neutral 
molecules between the cells (paracellular transport). This cellular architec­
ture allows the epithelium to function as a barrier between the airway lumen 
and the submucosal fluid compartment. 

A thin layer of fluid lies between airway mucus and the epithelium. This 
fluid allows just the tips of cilia to project into mucus, facilitating its 
transport when cilia beat. Fluid transport across the airway epithelium 
should influence the depth and composition of this periciliary fluid, and 
thus may modulate the efficiency of mucociliary clearance. In this way, 
transepithelial ion transport may be an essential component of this pulmon­
ary defence mechanism. 

Fluid moves across the airway in response to the transport of sodium 
(Na+) and chloride (CI) ions, i.e. water passively accompanies these ions. 
Na+ absorption and cr secretion (transcellular transport) involve the 
passage of Na+ and cr through ion channels present in the membrane of 
airway epithelial cells. This chapter focuses on the role of these channels in 
fluid transport across the respiratory epithelium. 
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THE TRANSPORT OF IONS ACROSS CELL MEMBRANES 

Ions have a relatively high surface charge and thus a strong attraction to 
water (polar). This state of hydration accounts for a relative lack of ion 
permeability of phospholipid membranes, i.e. ions do not readily cross cell 
membranes. Several integral membrane proteins transfer ions across cell 
membranes; these include pumps, carriers and channels. 

The primary pump used for ion transport across the respiratory epith­
elium is basolateral Na+-K+-ATPase which exchanges Na and K+ ions 
against their chemical gradients using A TP as the source of energy. This 
pump maintains the high K+ and low Na+ concentrations in the cell; these 
transmembrane chemical gradients act as driving forces for ion transport by 
carriers and channels. 

In contrast to active transport by Na+-K+-ATPase, carriers and channels 
passively transfer ions across membranes. The mechanisms of ion trans­
location by carriers and channels are not precisely known. Carriers function 
as though binding sites alternate between each side of the phospholipid 
membrane, allowing ions to be passively carried across the membrane. 
Channels, on the other hand, are pore-forming macromolecules which span 
the membrane, allowing ions to diffuse freely through the open pore from 
either surface of the membrane. Regardless of the mode of action, transport 
is passive in both cases, i.e. ions are transported down an electrical or 
chemical gradient. 

Carriers simultaneously transfer several ions or molecules across a cell 
membrane (coupled transport); they may be transfered in the same or 
opposite direction. Driven by the steep transmembrane Na+ gradient, a 
basolateral membrane co-transporter transfers N a+ and cr into airway 
epithelial cells. This activity does not result in the transfer of charge across 
the membrane, i.e. transport is electrically neutrals. 

In contrast to this co-transporter, ion channels transfer charge across the 
membrane (electrically conductive); thus the rate of transport is driven by 
both electrical and chemical gradients. Furthermore, ion channels may be 
open (allowing transport) or closed (blocking transport). Factors that 
increase the amount of time channels are open, e.g. intracellular second 
messengers, may increase ion flux through the channel and thus may act as 
regulators of transport. 

Pumps, carriers and channels are distributed asymmetrically between 
apical and basolateral membranes of epithelial cells. This polar distribution 
is essential for the vectorial movement of ions across the epithelium. For 
example, simultaneous ion influx at the basolateral membrane and efflux at 
the apical membrane leads to secretion into the airway lumen. Identical 
transport activity at both apical and basolateral membranes should modify 
intracellular osmolarity or cell volume rather than contribute to trans­
epithelial flux. Yet, in order to maintain transepithelial absorption (or 
secretion) and simultaneously preserve intracellular osmolarity and mem­
brane voltage, the transport activity at both membranes must be co­
ordinated. While the mechanisms used to co-ordinate transport at both 
membranes have not been established, regulatory factors for individual 
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Figure 12.1 Model of ion transport across the airway epithelium (see text) 

transporters have been identified. A modd of these transport pathways in 
the airway epithelium is depicted in Figure 12.1. 

A TRANSPORT MODEL FOR AIRWAY EPITHELIUM 

K+ transport 

Basolateral Na+ -K+ -ATPase maintains intracellular [K+] above its electro­
chemical equilibrium79• This gradient drives K+ out of the cell when 
basolateral K+ channels open. Potassium is thereby recycled across the 
basolateral membrane by the activity of Na+-K+-ATPase and K+ channels. 

Na + absorption 

Na+-K+-ATPase also keeps intracellular [Na+] below its electrochemical 
equilibrium by pumping Na+ into the submucusal fluid compartment. This 
transmembrane chemical gradient drives Na+ into the cell when apical 
membrane Na+ channels open. Thus, transport via apical Na+ channels and 
basolateral Na+-K+-ATPase leads to absorption of Na+ from the airway 
lumen. 
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cr secretion 

cr enters airway epithelial cells at the basolateral membrane via furo­
semide-sensitive co-transport. This couples the influx of Na+, and probably 
K+, to cr influx (Na-K-2Cl transport)6,8-13. Driven by the steep trans­
membrane Na+ gradient, cr accumulates above its electrochemical equili­
brium*. cr exits the cell at the apical membrane when cr channels open. 
Thus, the activity of basolateral Na+-coupled co-transport and apical cr 
channels leads to cr secretion into the airway lumen**. 

ELECTRICAL PROFILE OF THE AIRWAY EPITHELIUM 

The accumulation of intracellular [K+] above electrochemical equilibrium 
drives K+ out of the cell when basolateral K+ channels open. This conductive 
efflux causes a build up of negative charge along the inner surface of the cell 

*For Na-K-2CI co-transport (electrically neutral), the net electrochemical force (~~N'-K-2C') is the 
sum of the transmembrane chemical (~) gradients for each ion: 

~iiN'-K-2C' = ~N' + ~K + 2 ~Ci 

= RT.ln [NaL, + RT·ln [K]", + 2 RT'ln [CIL, 
[NaL [KL [ClIo 

= RTln [[NaL,' [Kl.., . [CI]'o., ] 
[NaL . [KL . [Cit 

Net ion flux is zero when the electrochemical potential is zero. Because log I = zero, ~ii is zero 
when: 

[Na] . [K] . [CI]' I - out out out 

- [NaL' [KL . [Cit 

[CI]' = [NaL, [KL, [CI]'o", 
'" [NaL [KL 

With extracellular concentrations of Na', K', and cr at 135, 5, and 140 mmolj L-', 
respectively, and cytosolic concentrations for Na' and K' of 20 and 150 mmoljL' res~ectively", 
the predicted [ClIo is 66 mmolj L ' (corresponding to cr activity near 50 mmolj L ). 

**When CI channels open, diffusion through the channels is determined by the sum of the 
electrical (1Jr) and chemical (~) gradients across the cell membrane: 

~~c, = IJrCl + ~CI 

Net CI flux is zero when the electrochemical potential (~~C1) is zero. This occurs when the 
electrical potential (1Jr) driving Clout of the cell is equal, and opposite in direction, to the 
chemical potential (~) driving Cl into the cell: 

- IJr c, = ~c, 

-zF-E = RTln [Cl].., 
m [Cl1o 

With extracellular [Cl] at 140 mmoljL' and apical membrane potential (Y J of -40 mY", 
predicted [ClIo is,29 mmoljL ' (Cl activity near 22 mmoljL '). Thus, when [CrL is greater 
than 29 mmolj L (above the electrochemical potential), cr efflux would be favoured through 
the apical membrane channels. 
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membrane (electrical potential difference). At electrochemical equilibrium, 
the chemical gradient driving K+ out of the cell is equal in magnitude to the 
electrical gradient keeping K+ in the cell. This is the reversal potential (EreJ 
for K+ and is represented by the Nernst equilibrium potential: 

E = RT .In [K+]out 
rev zF [K+ln (1.1) 

where in and out refer to the [K+] inside and outside the cell l4 • 

Potassium channels are the predominant conductive pathway for the 
basolateral membrane. Increasing submucosal [K+] depolarizes the baso­
lateral membrane (Vb)' whereas changes in submucosal [Na+] or [Cr] do not 
change VbIS • Furthermore, submucosal addition of a K+ channel blocker, 
Ba2+, also depolarizes Vb indicating that K+ channel conductance is essential 
for maintaining Vb. The magnitude of Vb is determined by the relative 
conductive permeability of the basolateral membrane to K+, Na+ and cr 
ions. This can be represented by the Goldman-Hodgkin-Katz flux equa­
tion: 

E = RT .In Pk[K]out + PNa[Na]out + PC][cl]out 
zF PK[Kln + PNa[Naln + PcI[Clln (1.2) 

where P is the permeability coefficient for each ion l4• Because of the K+­
selective conductance of the basolateral membrane (permeability coefficient 
is low for Na+ and cr conductance), Vb approaches the equilibrium reversal 
potential (EreJ for potassium. 

Apical membrane voltage (V.) is also related to its relative permeability to 
these ions. When Na+ and Cl channels are closed, the apical membrane 
resistance (Ra) is very high and there is minimal absorption or secretion 16. 

Under these conditions, Ra is much greater than basolateral resistance (Rb) 
and the apical membrane potential (V J is influenced by basolateral 
membrane K+ conductance and a minimal degree of apical Na+ conductance. 
When apical channels open, Ra decreases (conductive permeability 
increases) and ions are driven through the channels in response to Na+ and 
cr electrochemical gradients. This depolarizes the apical membrane and 
shifts Va toward the equilibrium reversal potential for Na+ (absorption) or 
cr (secretion). The decrease in Ra may be accompanied by a decrease in R~ 
(increased K+ conductance); thus the electrical driving force for Na 
absorption and Cl secretion may be maintained 16. A model of the electrical 
circuit for the airway epithelium is depicted in Figure 12.2. 

PARACELLULAR TRANSPORT 

Water, ions and neutral molecules also cross the epithelium by passive 
diffusion between adjacent epithelial cells (paracellular transport). 
Transport through this pathway is restricted by the tight junctions between 
epithelial cells. 
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Figure 12.2 Model of the electrical circuit for the airway epithelium. Parallel resistors 
represent apical membrane Na' and Cl channels; parallel batteries (electromotive forces) 
represent the electrochemical gradients for these ions. A compound resistor and electromotive 
force represent the conductive pathways across the baso-lateral membrane. The electromotive 
forces direct the flow of current from the lumen to the submucosal compartment (transcellular 
transport); paracellular current flows in the opposite direction (counter ion transport) 

The relative permeabilities of the basolateral and apical membranes 
usually result in a more negative Vb compared with Va; thus a transepithelial 
potential (V t ) exists with the lumen negative relative to the submucosal fluid 
compartment (Figure 12.3A). This electrical gradient (Vt) leads to the 
passive diffusion of Na+ ions toward the lumen and cr ions toward the 
submucosal compartment through the paracellular pathway (counter ion 
transport); this pathway runs parallel to transcellular transport. Resistance 
of the paracellular pathway does not change appreciably with stimulation of 

. 10 16 18 Th h b . d . .. I secretlOn ' '. us, w en a sorptlOn an secretlOn are mlmma, para-
cellular resistance is less than transcellular resistance; this relationship in 
resistance is inverted when secretion is stimulated 16. While paracellular 
resistance does not change with stimulation of secretion, an increase in 
transepithelial potential difference may occur. With cr secretion, the 
increase in cr conductive permeability depolarizes the apical membrane 
(shifts the membrane potential toward Erev for Cr). A concomitant increase 
in basolateral K+ conductive permeability hyperpolarizes the basolateral 
membrane l6 • This results in a greater difference between Va and Vb' i.e. an 
increase in the transepithelial electrical gradient, VI' By increasing V"~ the 
transport of Na+ from the submucosal to mucosal compartments through 
the paracellular pathway may be enhanced leading to net NaCI secretion. 
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A. Normal 

T 
Vt(-10.1mV) 

Va 
(-26.1 mV) 

o mV 

Vb (-36.2mV) 

Lumen I Cell I Submucosa 

B. Cystic Fibrosis 

1 
Vt 

(-29.2mV) 

Lumen 

OmV 

Vb (-44.8mV) 

Cell I Submucosa 

Figure 12.3 The electrical profile across A. normal and B. cystic fibrosis airway epithelium. 
V" Vb and V, represent the apical, basolateral and transepithelial membrane voltages, 
respectively. V, is greater in CF epithelia (see text). Values from reference 96 

STRUCTURAL FEATURES OF ION CHANNELS 

Ion channels are ¥lycoprotein macromolecules that function as trans­
membrane pores l9 - 2 • While the amino acid sequence of some channels from 
excitable tissue have been identified22 26, the structural characterization of 
epithelial channels has lagged behind the progress in excitable tissue because 
of a lack of high-affinity ligands for epithelial channels. Therefore, differ­
ences in the structure of ion channels from these two tissue sources remain 
unknown. Certainly the channel properties, response to antagonists, and 
physiological functions differ between channels of epithelial and excitable 
tissue. 

Na+ channels have been isolated from amphibian and bovine renal 
epithelial cells using the binding properties of methylbromoamiloride27 • 

Liposomes containing the partially purified channel demonstrate Na+ 
uptake capabilit/8• This channel is nearly 700 kDa in size with disulphide 
bonds joining several polypeptide subunits ranging in size from 55 to 
315 kDa. The epithelial Na channel blocker, amiloride, binds exclusively to 
the 150 kDa subunie9• The amino acid sequences of the channel subunits 
have not been determined; however, the development of antibodies to the 
renal Na+ channel may hasten further characterization of the channel. 
Antibod~ cross-reactivity between bovine and amphibian epithelial Na+ 
channels 0 indicates a degree of homology between channels from different 
species, and may facilitate identification of Na+ channels from other 
epithelial sources. 
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Two anion channels were recently partially purified from trachea mem­
branes31 • Based on the structure of a high-affinity ligand for chloride 
channels, an affinity resin column was developed to purify proteins from 
solubilized tracheal membrane preparations. The proteins eluted from the 
affinity column were reconstituted into liposomes and fused with planar 
lipid bilayers. Two channels were identified in the membrane preparations, 
but they have not been sufficiently purified to identify their structural 
features. The conductive properties of these channels will be discussed later. 

CHANNEL PROPERTIES 

The properties of ion channels in cultured cells are frequently investigated 
with the patch-clamp technique32• With this technique, a small glass pipette 
(~I 11m in diameter) is placed adjacent to the cell membrane where slight 
negative pressure applied through the pipette seals a patch of membrane to 
the pipette (Figure 12.4). The formation of a high-resistance seal (2:: 10 GQ) 
between the membrane and the glass pipette isolates the membrane patch 
such that ion flux (current) in or out of the pipette passes through the patch 
of membrane. The conductive property of ion channels in the membrane 
patch allow conductive ion flux to be detected. The rapid transitions 
between open and closed states of the channels are distinguished by unitary 
(quantum) changes in current amplitude (Figure 12.5). 

Several patch-clamp configurations are used to investigate the properties 
of ion channels. Single channel events are studied in cell-attached mem­
brane patches as well as cell-free patches where the membrane patch has 
been excised from the rest of the cell (Figure 12.4). In addition, large 
popUlations of channels within a single cell can be investigated by removing 
the membrane patch within the pipette (transient negative pressure) while 
maintaining the high-resistance seal between the membrane and pipette 
(Figure 12.4). The cummulative conductive effect of many channels pro­
duces the 'whole cell' current (net ion flux in and out of the cell). 

With the patch-clamp technique, several methods are used to identify ion 
channels. First, ion substitutions in the pipette or bathing solutions allow 
identification of the ions responsible for the current and the relative ion 
selectivity of channels. Second, by varying transmembrane voltage the 
channel conductance may be determined (the slope of the current vs voltage 
plot). Third, the effect of transmembrane voltage on the probability of 
channels being open (Po) can be determined (voltage-dependence). Finally, 
channels may be identified by their response to specific agonists or 
antagonists. 

As previously noted, ion channels can be either open or closed. 
Inactivated channels remain in the closed state; activated channels alternate 
between open and closed states. Some channels are activated by trans­
membrane voltage, i.e. channel activation is determined by the voltage 
potential across the cell membrane. Ion channels in membrane patches 
excised from epithelial cells can be activated by depolarization (voltage 
activation)33-35. However, this property may be physiologically more 
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Cell-free , 
inside-out 

configuration 

pipette 
solution 

" 
suction-.. 

high resislance 
"'--pipeHe membrane seal 

Cel l-attached 
configuration 

Whole-cell 
configu ration 

Figure 12.4 Recording configurations for the patch-clamp technique. With the pipette 
adjacent to a cell, gentle suction allows the formation of a high-resistance (GO) seal between 
the pipette and cell membrane. Single channel activity is recorded with cell-attached and cell­
free configurations. The membrane patch may be disrupted with transient negative pressure so 
that the 'whole cell' currents (the cumulative activity of many channels within a cell) can be 
recorded 

relevant in excitable tissue where shifts in membrane potential provide 
unique cellular functions, e.g. propagation of a nerve impulse. Channels 
may also be ligand-activated, i.e. specific ligands or second messengers 
activate the channel. For example, cr channel activation in airway 
epithelial cells is regulated by the intracellular concentration of cAMP. This 
second messenger presumably regulates ~hosphorylation of the channel or a 
membrane-associated regulatory protein 3,34. Phosphorylation appears to be 
a common mechanism of regulating channels in many cells, including 
excitable cells36,37. 

With the patch-clamp technique, ion channels have been identified in 
virtually all cells including cultured airway epithelial cells (Table 12.1). This 
technique is generally limited to the investigation of cultured cells because 
high-resistance seals are more easily obtained with these cells. Theoretically, 
the expression or properties of ion channels may be modified by culture 
conditions, such as the soluble factors in culture media, the type of matrix 
support, the degree of cell confluence and differentiation, cell age, and the 
cell source (primary isolate, explant or transformed cell line). However, the 
transport properties of cultured airway cells are consistent with the 
properties of native tissue. Cultured respiratory epithelial monolayers and 
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--~·"""~\...r~""--"~i·' ''''''~I~ 

--., ...... ~~y~ ......... --..... ' .. ' ~ 

,"'TV" 
Figure 12,5 Single channel activity from a cell-free, inside-out patch excised from a cultured 
CF airway epithelial celL Pipette and bathing solutions are identical (in mmol L I): Na 
gluconate 140, CaCI, 2, MgCl, 2, HEPES 10, pH=7,3; membrane potential is -40 mV in 
reference to the pipette solution (near physiological apical membrane voltage). The closed 
channel current level is marked at the beginning of each tracing. Channel openings are 
represented by downward deflections in (inward) current (the flow of cations toward the 
cytosolic surface of the membrane or anions in the opposite direction). Calibration marks are 
I pA and I s; filtered at 500 Hz 

isolated cells have absorptive and secretory properties similar to the native 
tissue; the responses to numerous secretagogues and antagonists are 
qualitatively comparable. In addition, ion transport alterations found in 
cystic fibrosis tissue are also expressed in cultured CF cells,3,38-42, This 
suggests that, while culture conditions may influence epithelial transport 
properties, heritable differences in transport appear to be maintained in 
cultured airway cells, 

ION CHANNELS IN CULTURED AIRWAY CELLS 

Cation channels 

Potassium channels have been identified in cultured canine43 and human39 

airway epithelial cells. The channel conductance is near 20 pS (picosiemens) 
at 0 m V with an inwardly rectifying current-voltage relationship (con­
ductance is non-linear and greater with inward currents), This channel is 
highly selective44 for K+ over Na+, but equally conductive to K+ and Rb+. The 
channel is not voltage-activated, and its activity is blocked by Ba2+ and 
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charybdotoxin but not by tetraethylammonium 44. Potassium channels with 
very high conductance have also been identified. In inside-out membrane 
patches from human airway cells, Kunzelmann and co-workers45 observed 
K+ channels with conductance near 300 pS while bathed in symmetrical KCl 
solutions (Table 12.1). 

Single-channel recordings of Na+ channels in human airway epithelial 
cells have been reported only recently. Two such cation channels have been 
identified46,47. One channel has a linear conductance of 7-8 pS. This channel 
is highly selective for N a+ over K+ and cr ions, and its activation is inhibited 
by amiloride. A larger channel (with a linear conductance of 18-20 pS) is 
non-selective for cations and activation is not inhibited bi amiloride. Both 
channels appear to be inhibited by choline and caesium 4 . 

Anion channels 

Outwardly rectifying cr channels have been identified in cultured canine 
and human airway cells (conductance is greater with outward currents). 
Conductance ranges from 25-50 pS at 0 m V in human and canine cells 
(Table 12.1). This channel is moderate to highly selective for cr ions, and 
channel activity increases in response to agonists that increase intracellular 
lev~ls o.f CA~~33:34,39,40,48. Stilb~ne, .dip3~~lwlamine 2-carboxylate and related 
denvatIves mhibit channel actIvatIOn . , 

cr channels with a linear conductance of 20 pS have also been reported 
in human airway cells40,50. In addition, channels with large conductance 
(250-400 pS) have been observed in human50 and canine5! airway cells and 
rat alveolar (type II) epithelial cells52. 

As previously noted, two anion channels have been purified from trachea 
membrane preparations using an affinity resin column3!. The proteins 
isolated with this technique were reconstituted into liposomes and fused 
with planar lipid bilayers. One channel had a linear conductance near 
100 pS with a high degree of selectivity for cr over K+. The other channel 
was less selective for cr and had a linear single-channel conductance of 
400 pS with at least one subconductance state. Both channels were not 
inhibited by stilbene or anthranilic acid analogues3!. 

Valdivia and colleagues53 purified apical-membrane vesicles from bovine 
tracheal epithelium and identified several anion channels using planar 
bilayer techniques. One channel was calcium independent, voltage depen­
dent, and highly selective for cr over Na+. The conductance was 71 pS. This 
channel was sensitive to stilbene derivatives. In addition, incubation with 
A TP and the catalytic subunit of cAMP-dependent protein kinase (PKA) 
increased channel activity without changing the current-voltage curve53 . 

There are some differences between the properties of channels isolated 
from membrane preparations and channels identified in patch-clamp 
studies. It is possible that the techniques used to isolate and purify channel 
proteins separate the conductive portion of the channel from other cellular 
components that influence channel properties. In addition, the composition 
of the planar bilayer may differ sufficiently from native membrane so that 
channel properties become modified. On the other hand, the nature of the 
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patch-clamp procedure may also distort the channel environment and, 
thereby, modulate channel properties. While both techniques provide 
unique approaches to the characterization of ion channels, comparison with 
native tissue remains essential. 

General mechanisms of channel regulation 

Many physiological and pharmacological agonists modulate ion transport 
across the airway epithelium, e.g. isoprenaline (isoproterenol) and bradyki­
nin. Their actions are mediated by receptors which increase the concent­
ration of intracellular second messengers, such as cyclic nucleotides, Ca2+, or 
phospholipid derivatives54,55. These second messengers directly or indirectly 
regulate the activity of the pumps, carriers, and channels transporting ions 
across both apical and basolateral membranes. 

This general mechanism of receptor-mediated transport regulation 
enables extracellular signals to modulate transport across the epithelium. 
Agonist-receptor interactions at one membrane increase transport activity 
at both membrane surfaces. For example, numerous secretagogues increase 
the intracellular concentration of cAMP leading to activation of apical cr 
channels. The electrochemical gradient across the apical membrane drives 
cr toward the airway lumen, i.e. cr is secreted (Figure 12.1). However, to 
sustain this secretory response an increase in the activity of the basolateral 
Na-K-2CI co-transporter, K+ channels and Na+-K+-ATPase may also be 
necessary. Increasing N a + -coupled co-transport maintains intracellular [CI ] 
above its electrochemical equilibrium; activation of K+ channels maintains 
the electrical driving force for cr efflux l6 • Furthermore, Na+-K+-ATPase 
activity maintains the low intracellular [N a+] since cr influx at the 
basolateral membrane is coupled to Na+ entry56. The requirement for these 
transporters to sustain CI secretion is supported by the inhibitory effects of 
bumetanide, Ba2+, and ouabain which block co-transport, K+ channel and 
N a+ -K+ -ATPase activities, respectively. 

While the regulation of these transporters may be coupled at least during 
sustained secretion, the nature of this linkage and the messengers involved 
are unknown. Difficulties in isolating and reliably measuring the activity of 
individual transporters limits our understanding of their regulation. The 
conductive properties of channels, especially the rapid transition between 
conductive (open) and non-conductive (closed) states, make the patch­
clamp technique useful for investigating channel regulation. The mecha­
nisms of regulating ion channel activation in airway cells will now be 
considered in more detail. 

CHANNEL REGULATION IN AIRWAY CELLS 

K+ channels 

Welsh and McCann43 used the patch-clamp technique to investigate activa­
tion of K+ channels in cultured canine airway cells. The addition of 
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adrenaline and selective ai-adrenergic agonists increased both cytosolic 
[Ca2+] (measured by quin-2 fluorescence) and, in cell-attached patches, the 
probability of K+ channels being open. The calcium ionophore, A23187, 
also increased cytosolic [Ca2+] and the opentime probability of these K+ 
channels. Furthermore, exposing the cytosolic surface of cell-free mem­
brane patches to Ca2+ increased K+ channel activation. Finally, this K+ 
channel activity in airway cells was inhibited by the extracellular addition of 
charybdotoxin~4 (an antagonist of Ca2+-activated K+ channelsf. This indi­
cates that cytosolic Ca2+ is a second messenger for K+ channel activation in 
airway cells. 

There is also evidence that basolateral K+ conductance in airway cells may 
be regulated by a Ca2+ -independent mechanism. This has been investigated 
using monolayers of cultured airway cells mounted in Ussing chambers. In 
these chambers, the epithelial layer separates the luminal and submucosal 
bathing solutions so that net transepithelial transport of N a+ and cr ions is 
measured as short-circuit current (lse). In the presence of amiloride to block 
N a+ conductive transport, isoprenaline58 stimulates sustained cr secretion 
(> 20 minutes). As previously noted, submucosal addition of a K+ channel 
blocker, Ba2+, blocks this secretory response58 , indicating that K+ channels 
are required for sustained cr secretion. 

Several findings suggest that the prolonged increase in K+ conductance is 
Ca2+ -independent: 

(1) IsoQrenaline stimulates a transient «100 s) increase in cytosolic 
[Ca2+] while Cl secretion and the increase in basolateral K+ con­
ductance are sustained5,9.58. 

(2) Charybdotoxin blocks only the initial «100 s) component of secre­
tion (Figure 12.6), while Ba2+ blocks all of the secretory response58 • 

(3) In cells depleted of intracellular Ca2+ (measured by fura-2 fluor­
escence during continuous exposure to A23187)60, the transient cr 
secretory response is blocked (Ca2+-activated K+ channels), yet the 
sustained secretory response is maintained58. 

Thus, sustained activation of K+ channels by isoprenaline does not require a 
prolonged increase in cytosolic [Ca2+]. In another study, Clancy and co­
workers61 used r efflux from cultured airway epithelial cells to assa~ cr 
channel activity. (f is not transported by the Na-K-2Cl co-transporter 2 yet 
cr channels are I conductive.) They found that by varying [K+] in the 
bathing solution in the presence of valinomycin to clamp the membrane 
voltage, cAMP-mediated f efflux (isoprenaline) was voltage dependent. 
That is, cAMP-mediated efflux was enhanced by hyperpolarization as 
would be expected with K+ channel activation in intact cells. While 
isoprenaline-stimulated 1- efflux was enhanced by K+ channel activation, the 
maximum effect of isoprenaline on f efflux was not lower in Ca2+ -depleted 
cells61 • These findings suggest that at least some K+ channel activation by 
isoprenaline is independent of cytosolic [Ca2+]. These studies are consistent 
with two mechanisms of activating K+ channels: one Ca2+-dependent and 
another Ca 2+ -independent. 
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Figure 12.6 Effect of submucosal charybdotoxin (ChTX) on isoproterenol-stimulated t (CI 
secretion). In the top tracing, isoproterenol-stimulated I" is not decreased by subsequent 
addition of ChTX. In the bottom tracing, prior addition of ChTX blocks the transient peak in 
isoproterenol-stimulated I". (Figure from reference 58) 

Na + channels 

The regulation of N a+ absorption by canine airway cells has been investigated 
by Cullen and Welsh63 using cultured mono layers mounted in Us sing 
chambers. With monolayers bathed in Cr-free solution, Na+ absorption was 
measured as Ise' The baseline rate ofNa+ absorption decreased in the presence 
of indomethacin, suggesting a role for prostaglandins in the regulation ofNa+ 
absorption. Furthermore, absorption increased in response to prostaglandin 
E2, isoprenaline, and 2-chloroadenosine (agonists that increase intracellular 
levels of cAMP). Finally, Na+ absorption increased in response to mem­
brane-permeable cAMP analogues indicating that cAMP may act as a 
second messenger for Na+ absorption under Cl-free conditions63 • Direct 
evidence for Na+ channel activation by cAMP in airway cells has not been 
reported. Cyclic-AMP can increase Na+ permeability in other epithelia64- 66, 

but its mechanism of action has not been characterized. How cAMP­
mediated agonists stimulate cr secretion under most physiological con­
ditions and Na+ absorption under Cr-free conditions is unknown. 

On a more chronic level, Na+ absorption in cultured airway cells can be 
stimulated by the mineralocorticoid, aldosterone. Two days after mono­
layers were exposed to aldosterone for a 24-hour period, amiloride-sensitive 
Ise was 50% greater than monolayers not exposed to aldosterone63 • This 
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Table 12.2 Airway epithelial cell cr secretagogues 

Agonist Secondary messenger(s) Tissue / cells Reference 
~----

Epinephrine cAMP, Ca" Canine and human 54,58,75 
Isoproterenol cAMP, Ca2' Canine and human 54,75 
PGE, cAMP Canine 17 
Neurokinin A and B cAMP Canine 90 
Bradykinin PGE" cAMP, Ca2' Canine 55,91 
Substance P cAMP, Ca" Canine 92 
Leukotrienes C4 and D, PGs Canine 93 
A23187 Ca" (PGE,) Canine and human 70,71,76 
PGF2• Unknown Canine 17 
Adenosine cAMP Canine 94 
Eosinophil MBP PGE, Canine 95 

effect should be mediated by mineralocorticoid receptors, but the specific 
mechanism of aldosterone-stimulated absorption, and its physiological 
significance in the airway, is unclear. 

cAMP-mediated cr channel regulation 

Many agonists stimulate an increase in intracellular [cAMP] in airway 
epithelial cells along with an increase in cr secretion: ,8-adrenergic agonists, 
prostaglandin E2, bradykinin, sustance P, and neurokinins A and B (Table 
12.2). In addition, membrane-permeable cAMP analogues mimic this 
secretory effect39,4o. These studies indicate that cAMP acts as an intracellular 
messenger for receptor-mediated cr secretion. 

The production of prostaglandin E2 by airway cells appears to regulate 
the baseline rate of cr secretion. First, exogenous PGE2 increases intra­
cellular cAMP levels and stimulates secretion. Second, endogenous PGE2 

production correlates directly with intracellular cAMP levels in airway 
epithelia. Third, indomethacin decreases PGE2 production, intracellular 
[cAMP] and baseline cr secretion in canine airway cells I7,54. Furthermore, 
while indomethacin reduces baseline cr secretion, it does not reduce the 
secretory response l7 to exogenous PGE2. These findings indicate that 
endogenous PGE2 may regulate, at least partially, intracellular cAMP 
concentration and thus the baseline rate of cr secretion in airway epithelia. 

The role of cAMP in channel regulation has been investigated more 
directly in cultured airway cells using the patch-clamp technique. In cell-free 
patches, cAMP-dependent protein kinase (PKA) activates cr channels in 
the presence of cA MP and A TP33,34. The mechanism of action is depicted in 
Figure 12,7. PKA exists predominantly in inactive form with two regulatory 
and two catalytic subunits combined. Binding of four cAMP molecules to 
the regulatory subunits causes the release of the catalytic subunits which 
have phosphorylating activity. In airway cells, the catalytic subunits 
presumably phosphorylate the channel itself, or a membrane-associated 
protein coupled to channel activation. This mechanism of activation 
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Figure 12.7 Model of cAMP-mediated cr channel activation. Agonist binding at the 
extracellular receptor site induces a conformational change in the guanine nucleotide binding 
regulatory protein (composed of a, /3, and y subunits) such that GTP replaces GDP binding to 
the a-subunit. The GTP-a complex dissociates from the /3 and y subunits and stimulates 
adenylate cyclase activity. The concentration of cAMP increases with subsequent binding to 
the regulatory subunit of protein kinase A. This releases catalytic subunit which activates the 
channel by phosphorylation"". Intrinsic GTPase activity of the a-subunit hydrolyses GTP to 
GDP, whereby GDP-a complex recombines with /3 and y G-protein subunits. Alternatively, in 
the presence of low cytosolic [Ca''], diacylglycerol binding at a regulatory site of protein kinase 
C may also activate Cl channels"". PKC may inactivate Cl channels in the presence of 
elevated cytosolic [Ca"]". To date , the coupling of PKC to receptor-mediated Cr-secretion has 
not been reported in airway epithelium 

suggests that the channel, or regulatory protein, exists in phosphorylated 
and dephosphorylated states corresponding to activated and inactivated 
states of the channel, respectively. The probability of cr channels being 
op~n. ~a~671~pend on a bal~nce o~ competi~g kinase and phos~hata~e 
actiVItIes ' , . Receptor-medIated IOcreases 10 [cAMP] may shIft thIS 
balance toward the phosphorylated state, thereby stimulating cr secretion. 

Other kinases may also regulate cr channel activation, Li and co­
workers69 investigated the effects of protein kinase C (PKC) on channel 
activation. Cell-free membrane patches excised from cultured canine and 
human airway cells were exposed to PKC in the presence of A TP and 
diacylglycerol. When [Ca2+] was <10 nmol L- I, PKC activated cr channels 
in the majority of cell-free patches. In control patches (no PKC), cr 
channels were activated in none of the patches. The presence of cr channels 
was confirmed in electrically silent patches using membrane depolarization 
to activate the channels, Neither PKC nor ATP alone activated the 
channels. These results indicate that PKC can activate apical cr channels in 

2+ 
the presence of low rCa ]. 

The effect of PKC in the presence of higher Ca2+ concentrations differs. 
With [Ca2+] 2:1 Ilmol L-, PKC inactivated cr channels. Furthermore, after 
exposure to PKC at high [Ca2+], the channels could not be activated by 
depolarization. Yet, in control patches exposed to high [Ca2+] (without 
PKC), the channels were activated by depolarization. This indicates that 
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high [Ca2+] alone does not interfere with activation by depolarization, while 
high [Ca2+] in the presence of PKC inhibits channel activation. 

PKC also inactivates CI channels activated by prior depolarization69 • At 
high [Ca2l PKC inactivated cr channels in most patches, while at low 
[Ca2+] the channels were not inactivated by PKC. As mentioned above, high 
[Ca2+] alone (no PKC) did not inactivate CI channels. These findings 
indicate that PKC may have both activating and inactivating effects on cr 
channels in airway cells depending on the local Ca2+ concentration. Channel 
activation by PKC requires low [Ci1 inactivation by PKC requires a 
higher [Ca2} 

This divergent effect of PKC is consistent with previous reports that 
phorbol esters (potent PKC activatorsJ initially stimulate CI secretion in 
airway cells, and later reduce secretion o. Phorbols also inhibit subsequent 
secretory responses to cAMP-mediated secretago~ues suggesting that 
channel inactivation by PKC is not reversed by PKA 0,71. 

While physiological relevance in airway cells has not been established, 
these reports suggest that PKC may have a dual role in cr channel 
regulation via two phosphorylation sites on the channel or regulatory 
protein. Phosphorylation at one site activates cr channels; phosphorylation 
at a different site inactivates the channels. However, while receptor­
mediated modulation of cr secretion by PKC may be physiologically 
relevant in the intestinal epithelium72 , receptor-mediated CI secretion in 
airway cells has not been linked to PKC activity. 

Calcium-mediated cr channel regulation 

cr secretion from airway cells can be stimulated by the calcium ionophore 
A2318i9AO,48,49,61,73. Willumsen and Boucher73 used transcellular and 
intracellular electrodes to investigate this effect in cultured human airway 
cells. In the presence of amiloride, A23187 depolarized the apical mem­
brane, decreased the fractional resistance of the apical membrane, and 
increased equivalent short-circuit current. Bumetanide, an inhibitor of cr 
entry, attenuated this secretory response. Furthermore, in Cr-free solution, 
intracellular cr activity decreases in response to A2318i3• These observa­
tions indicate that A23l87 regulates apical membrane cr conductance in 
human airway cells. Using r efflux as an assay of cr activity in cultured 
airway epithelial cells, Clancy and colleagues61 found that both isoprenaline 
and A23l87 stimulated r efflux; these effects were additive. Isoprenaline­
stimulated I efflux was Ca2+ independent; A23187-stimulated r efflux was 

2+ 61. 2+ 
Ca dependent . ThIS suggests that the Ca and cAMP-dependent mecha-
nisms of Cl channel activation are independent pathways. Frizzell and 
colleagues 40 identified CI channel activation by A23187 in cell-attached 
patches of airwax epithelial cells. While this suggests that an increase in 
intracellular [Ca +] activates cr channels, the mechanism of action is not 
through direct activation of the channel by Ca2+. First, channel activation in 
excised patches is not consistently observed over a wide range of ci+ 
concentrations39,69. Second, the onset of channel activation in excised 
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patches exposed to Ca2+ may be delayed for several minutes74. Third, Cl 
channel activation is not observed with some receptor-mediated increases in 

1· [C 2+] h d . . 7S cytoso lC a ,suc as O::I-a rener~lc agomsts. 
How increases in cytosolic [Ca2 ] lead to CI secretion is still unclear. 

Cytosolic [Ca2+] may stimulate phospholipase A2 activity which releases 
arachidonate and may lead to prostaglandin-mediated cr channel activa­
tion. This is consistent with the stimulatory effect of A23187 on PG E2 
production76 and cytosolic [cAMPt in cultured canine and human tracheal 
cells. However, indomethacin's inhibitory effect on A23187-induced cr 

. .. II' . 117 S4 70 77 • d' . h h CI secretlOn m mrway ce s IS partla ' , , , m lcatmg t at t e secretory 
effect of A23187 is mediated, only in part, by PGE2 production. Further­
more, A23187 stimulates Cl secretion in airway cells from patients with 
cystic fibrosis, a disease characterized by the lack of response to cAMP­
mediated secretaNogues. 

Cytosolic [Ca +] may stimulate PKC activity and thereby activate CI 
channels69,78. Li and colleagues69 reported that PKC can activate cr 
channels but may also inactivate channels in cell-free patches when [Ca2+] 
exceeds I J..lmol L I. Several reports70,71 indicate that phorbol esters (potent 
stimulators of PKC) transiently stimulate Cl secretion followed by a 
persistent decrease in secretion that is refractory to isoprenaline stimulation. 
These findings suggest that while PKC may mediate both activation and 
inactivation in airway epithelial cells, activation by PKC appears to have a 
shorter response time than inactivation. Thus, an increase in cytosolic [Ca2+] 
may initiate PKC-mediated activation prior to the effects of PKC-mediated 
inactivation. However, secretory responses in cystic fibrosis epithelia, to be 
discussed later, suggest that A23187-induced secretion is not mediated by 
PKC. 

Increases in cy!osolic [C~:+~8may .also enha~ce cr secretion b~ activ~t~on 
of basolateral K channels ' . ThIS would mcrease the electncal dnvmg 
force for Cl efflux via already activated cr channels but would not account 
for apical membrane depolarization or the decrease in apical membrane 
fractional resistance induced by A2318i3• 

Thus, the mechanism by which A23187, or an increase in cytosolic [Ca2+], 
induces cr secretion has not been established. Whether calcium-dependent 
kinase or phosphatase activity plays a role in Cl channel activation is also 
unknown. 

Non-physiological mechanisms of cr channel activation 
There are several additional methods used to activate cr channels in cell­
free membrane patches. Because these methods are effective only in cell-free 
patches, they are considered to be non-physiological mechanisms of channel 
activation. 

Activation by depolarization 
Depolarizin,.g voltages applied to cell-free membrane patches activate cr 
channels33- 3 . Activation is proportional to the duration and magnitude of 
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the depolarizing voltage35 . In cell-attached patches, membrane depolariza­
tion, does not activate cr channels, but following excision, depolarization 
of equivalent magnitude activates the channels35 • This indicates that while a 
strong electrical field influences the open state of these channels in cell-free 
patches, a similar electrical field applied to cell-attached patches is insuf­
ficient for activation of the same channels. Activation in cell-free patches by 
depolarization is readily reversed when hyperpolarizing voltages are applied 
to the patch; channels may be repeatedly switched back and forth between 
activated and inactivated states by changes in membrane voltage35• This 
reversibility suggests that activation does not result from the removal of an 
inhibitory factor from the channel environment. 

Activation by increasing the ambient temperature 

After membrane patch excision from airway cells at room temperature (21-
23°C), Cl channels may be activated by increasing the ambient temperature 
of the excised patch to 37°C35 . Because channel activation is not induced 
during cell-attached recordings by increasing ambient temperature to 37°C, 
this method of activation is also considered non-physiological. Following 
activation by increasing the temperature of cell-free patches, the channels 
remain activated when the temperature is returned to 21-23° C; at room 
temperature these channels may then be inactivated by membrane hyper­
polarization. However, hyperpolarization does not inactivate channels 
when the excised patch remains at 37°C35 . 

The reversibility of this method of activation is further evidence that 
activation does not result from the loss of an inhibitory factor from the 
channel environment. Speculating on a molecular model, cr channels 
appear to exist in at least two relatively stable states corresponding to 
activated and inactivated channels. An energy barrier may hinder channel 
transition between these two states. Perhaps both depolarization and the 
increase in ambient temperature provide sufficient energy to overcome this 
barrier and lead to channel activation. 

Trypsin-induced activation in excised patches 

Channels may also be activated by exposing the cytosolic surface of cell-free 
patches to trypsin35 . Activation appears to be due to the enzymatic action of 
trypsin because channel activation does not occur when heat-treated trypsin 
is used, or when trypsin inhibitors are present. The conductive properties of 
the channel are not altered by the trypsin incubation. This indicates that 
trypsin removes or alters a component involved in channel inactivation 
rather than affecting the conductive portion of the channel. 

Activation with trypsin incubation differs from the other non-phsyiologi­
cal methods in that channel activation is not reversible. Once activated by 
trypsin, the channels do not return to an inactivated state even when 
membrane hyperpolarization and phosphorylation with PKC are used35 • 
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DEFECTIVE CHANNEL REGULATION IN CYSTIC FIBROSIS 
RESPIRATORY EPITHELIUM 

Cystic fibrosis (CF) is a common genetic disease characterized clinically by 
recurrent pulmonary infections, pancreatic insufficiency and an elevated cr 
concentration in eccrine sweat gland secretions. Patients with this disease 
have altered ion transport in airway, intestinal and sweat gland duct 
epithelia. 

Enhanced Na + absorption 

Knowles and colleagues79 first reported that patients with CF have an 
increased potential difference across the nasal epithelium. This higher 
potential difference was almost completely abolished with the mucosal 
application of amiloride, a N a+ channel blocker. This higher transepithelial 
voltage indicates a greater difference between apical and basolateral 
membrane voltages in the nasal epithelia of CF patients (Figure 12.3B). The 
observation that amiloride abolished most of the transepithelial voltage 
suggests that an increase in apical Na+ conductance may account for a 
relatively depolarized apical membrane, and thus the greater difference 
between apical and basolateral membrane voltages. 

Using radio labelled N a +, Cl and mannitol, Boucher and colleagues 42 

investigated transcellular and paracellular transport across nasal epithelia 
excised from CF and non-CF sUbjects. They found that the baseline rate of 
Na+ absorption across CF tissue was 2-3 times greater than the rate across 
non-CF tissue. Furthermore, while isoprenaline stimulated cAMP-mediated 
CI secretion in non-CF tissue, it did not enhance cr secretion in CF tissue, 
but instead further increased Na+ absorption. Paracellular transport was 
normal in the CF nasal epithelia 42. These ion transport alterations in CF do 
not appear to be secondary to chronic disease because, prior to the 
development of clinical disease, infants with CF have transport alterations 
similar to those identified in adult CF patients80 • Furthermore, ion trans~ort 
is altered in excised CF respiratory tissue42 , cultured CF epithelial cells 8-40 

and in transformed CF epithelial cells 41. 

How Na+ absorption is regulated in the airway has not yet been 
determined. On a chronic basis, airway monolayers cultured in the presence 
of aldosterone have an increased rate of Na+ absorption63 • However, the 
higher rate of absorption in CF airway epithelium does not appear to be 
secondary to increased aldosterone activity because aldosterone excretion is 
not increased in CF patients. Furthermore, blocking aldosterone activity 
does not reduce the nasal transepithelial potential in either CF or non-CF 
patients81 • Finally, if increased N a+ absorption of CF epithelia was due to a 
circulating factor, absorption by CF and non-CF should be similar when 
cells from both sources are grown under identical culture conditions. 

On a more acute basis, cultured CF monolayers respond to cAMP­
mediated Cl secretagogues with a paradoxical increase in Na+ absorp­
tion 42.82. N on-CF cells bathed in Cl -free solution also increase amiloride-
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sensitive absorBtion and net transepithelial Na+ flux when exposed to these 
secretagogues6 ,82. Furthermore, membrane-permeable cAMP analogues 
mimic this absorptive effect63 suggesting that cAMP may act as a second 
messenger for Na+ channel activation. However, the increase in absorption 
in CF airway cells is not due to increased cAMP levels because baseline 
cAMP levels and the levels measured in response to cAMP-mediated 
agonists are comparable in normal and CF cells39,42. 

On the single channel level, two apical Na+ channels have been identified 
in CF and non-CF airway cells, although there are no details about their 
activation characteristics. Two channels have been reported: one channel is 
amiloride-sensitive with a linear conductance of 7~8 pS and a high degree of 
Na+ selectivit/6,47. The other is a non-selective cation channel not inhibited 
by amiloride (18 pS)47, Whether these channels differ in abundance or open­
time probabilities between CF and non-CF cells remains to be established. 
Thus, the mechanism leading to increased Na+ absorption in CF respiratory 
epithelium is still unknown. 

cr impermeability 

Quinton83 first reported that CF sweat duct epithelia have reduced cr 
permeability. Knowles and colleagues84 reported that cr permeability is 
also decreased in the respiratory epithelium of CF tissue. This reduced cr 
permeability was subsequently localized to the apical membrane in cultured 
CF airway cells85 and more recently to defective regulation of apical 
membrane cr channels39,40. 

Cell-attached patch-clamp recordings of cultured normal airway cells 
show occasional cr channel openings under baseline conditions. Channel 
opening increases markedly when the cells are exposed to cr secretagogues 
or membrane-permeable analogues of cAMP. However, the cell-attached 
patches of CF cells demonstrate no cr channel openings under baseline 
conditions and during exposure to cAMP-mediated secretagogues39,40. The 
channels are present in CF cell membranes because they can be activated in 
cell-free patches with depolarization. This defective response is distal to 
cAMP production because increases in [cAMP] in response to cr secreta­
gogues are normal in CF cells39 • Furthermore, Cl channel activation is not 
observed in CF cells exposed to membrane-permeable analogues of 
cAMP39,40. 

CI channel activation by cAMP-dependent protein kinase (PKA) has 
been examined in cell-free membrane patches. In the presence of ATP, PKA 
activates channels in cell-free patches excised from normal cells, but not in 
patches from CF cells33,34. Whether phosphorylation is blocked, or 
phosphorylation occurs without channel activation in CF is unknown. 
However, these studies indicate that cr channel activation in CF is 
defective at, or distal to, the level of phosphorylation of the channel or a 
membrane-associated regulatory protein. 

Channel activation in patches from CF cells with protein kinase C (PKC) 
has also been investigated69,78. At low Ca2+ concentration (10 nmol L-1), 
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PKC activated cr channels in cell-free patches excised from normal cells, 
but not in patches from CF cells. This lack of channel activation with PKC 
in CF is similar to the findings with PKA69,78. However, channel inactivation 
by PKC at high Ca2+ concentration (10 Ilmol L-') was effective in CF. In 
patches excised from both normal and CF cells, cr channels initially 
activated by depolarization were subsequently inactivated by the addition of 
PKC69 • Furthermore, patches excised from normal and CF cells exposed to 
PKC and [Ci+] could not be activated by depolarization69 , 

The failure of both PKA and PKC to activate channels in CF indicates 
that defective channel activation is not linked to a single regulatory 
pathway. However, phosphorylation by both PKA and PKC may have a 
common regulatory component or pathway. Indeed, both kinases may 
phosphorylate the same site on the cr channel or membrane regulatory 
protein. In addition, the presumed phosphorylation site for activation 
should differ from the site for inactivation because PKC-mediated channel 
inactivation was similar in CF and normal patches. 

The lack of cr channel activity in CF cells is unlikely to result from an 
endogenous increase in PKC-mediated inactivation. First, total PKC 
activity is similar in CF and non-CF airway epithelium, and greater than 
80% of this activity resides in the cytosolic compartment of CF and non-CF 
tissue86 • Second, an equivalent degree of PKC phosphorylation of endoge­
nous substrates is observed in CF and NL tissue, i.e. no evidence of 
increased PKC responsiveness in CF tissue86 • Third, if membrane-associated 
PKC activity was increased in CF, cr channel activation by depolarization 
should be absent in CF excised patches exposed to high [Ca2} However, 
channels in both CF and normal patches could be activated by depolariza­
tion in the presence of high [Ca2+] but not in the presence of exogenous PKC 
and high [Ca2+t. 

ci+ activation of cr channels in CF 

In native CF airway epithelium and lrimary cultures of CF airway cells, 
A23187 stimulates cr secretion 40,70,73,7 • Boucher and colleagues86 found that 
both A23187 and bradykinin stimulated cr secretion in CF airway 
epithelium, and the secretory responses were quantitatively similar in CF 
and non-CF tissues. Furthermore, phorbol esters stimulate cr secretion in 
normal epithelia but this response is absent in CF epithelia. These findings 
indicate that, in addition to the cAMP-mediated pathway, cr secretion by 
the airway epithelium may be regulated by receptor-mediated increases in 
cytosolic [Ca2} This also suggests that Ca2+-mediated cr secretion by 
A23187 and bradykinin is probably not mediated by a PKC-dependent 
pathway. 

Thus, in CF cells, A23187 and bradykinin activate cr channels. Whether 
these agonists activate cr channels that are distinct from those activated by 
cAMP-mediated agonists remains to be determined. Quantitative differ­
ences in the responses to these agonists in CF and non-CF cells have not 
been identified, The secretory responses to A23187 and bradykinin in CF 
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cells appear to be mediated by an increase in cytosolic [Ca2+], but not via a 
PKC pathway. Whether phosphorylation plays a role in cr channel 
activation by A23187 or bradykinin is unclear. 

Non-physiological cr channel activation in CF 

As previously noted, several non-physiological methods have been used to 
activate cr channels in cell-free patches. With these methods, the channels 
in CF patches appear to respond similarly to those in non-CF patches35• 

Activation by membrane depolarization, by increasing the ambient temper­
ature, and by exposing the cytosolic membrane surface to trypsin are 
effective in CF cell-free patches35 . While these studies do not indicate the 
nature of the CI channel defect in CF, they are consistent with the concept 
that CI channel conductive properties are preserved in CF but physiological 
regulation of the channel is defective. 

Currently, defective regulation of cr channels in CF airway cells appears 
to be limited to channel activation by phosphorylation. This pathway is 
defective for phosphorylation mediated by both PKA and PKC. However, 
channel activation is at least qualitatively normal in intact CF cells 
following exposure to bradykinin and the calcium ionophore, A23187. 
Furthermore, cr channels in both CF and normal cell-free patches can be 
activated by the non-physiological methods noted above. 

Whether the defective regulatory site is located on the cr channel itself or 
a membrane-associated regulatory protein is unknown. Whether the 
increase in Nat absorption found in CF cells is related to defective apical cr 
conductance per se or whether both CI and Nat conductances are altered by 
a shared transport regulatory defect is unclear. A specific defect in 
regulation of CF Nat channels has not been established to date. The recent 
identification of the CF gene defect8789 should help define the molecular 
basis for the ion transport alterations identified in CF epithelia. 

The cystic fibrosis gene 

The product of the putative CF gene has been called cystic fibrosis 
transmembrane conductance regulator (CFTR). Data from RNA blot 
hybridization indicate that the gene is expressed in many epithelial tissues: 
nasal polyps, pancreas, lung, colon, sweat gland epithelial cells, liver, 
parotid gland and kidney. Furthermore, a signal for gene expression is 
absent in brain, adrenal gland, or skin fibroblast and lymphoblast cell 
lines89 • Analysis of the DNA sequence predicts a gene product approx­
imately 168 kDa in size. Twelve hydrophobic transmembrane domains are 
predicted indicating that CFTR is a membrane-bound rather than secretory 
protein. A large polar domain contains mUltiple sites for potential 
phosphorylation by PKA and PKC. There are also two large hydrophilic 
regions with sequences resembling nucleotide (ATP)-binding sites. The most 
common gene mutation found in 70% of patients with CF89 results in the 
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loss of a single amino acid residue, phenylalanine, from one of these 
nucleotide-binding regions. Additional variants of CFTR may be identified 
in the near future. 

This discovery should help identify the regulatory pathways of ion 
transport in epithelia. There are many questions that need to be addressed. 
For example, does gene expression vary within subpopulations of airway 
epithelial cells, e.g. ciliated vs goblet cells, or cells within airway submucous 
glands? What is the intracellular distribution of CFTR? Is its distribution 
limited to the apical membrane, and can CFTR be localized to any 
subcellular compartments? What is the turnover rate of the gene product? 
Does the gene product have conductive properties? Does occupancy at the 
nucleotide binding folds modulate cr channel activation? Can CFTR be 
phosphorylated by PKA or PKC and does phosphorylation differ between 
the CF and non-CF gene products? Are additional mutant gene variants 
altered structurally at, or near, the site of phenylalanine deletion? Does 
expression of normal CFTR in CF epithelial cells correct the ion transport 
abnormalities? Does CFTR link conductive transport to other secretory 
functions, such as exocytosis? Does the gene product participate in cellular 
activities unrelated to ion transport? Hopefully, answers to these and many 
other questions will provide additional insight about the regulation of ion 
transport in the airway epithelia and how it is altered in cystic fibrosis. 
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Section V 
SKIN AND SKIN GLANDS 



Introduction 

In this section of the book, there are three chapters, the first of which, by 
Terence Kealey, describes the isolation and properties of human skin glands 
and hair follicles, and considers their application to the study of specific 
human epithelial diseases. By repeatedly snipping a skin biopsy with scissors 
until a porridge-like consistency is obtained, apocrine and eccrine sweat 
glands, sebaceous glands, hair follicles and intact pilosebaceous units can be 
picked out under a dissecting microscope. The viability of human eccrine 
sweat glands isolated in this way has been confirmed by metabolic, 
ultrastructural and electrophysiological studies, on both freshly-isolated 
and maintained organs, and by the establishment of viable cells in culture. 
Extensive studies of lipid synthesis in isolated apocrine, sebaceous and 
pilosebaceous units, whether freshly-isolated or maintained briefly in organ 
culture, have confirmed that they retain biological activity. Isolated skin 
glands are especially suited to in vitro studies in the maintained state 
because their small size facilitates gaseous and nutrient diffusion. Dr Kealey 
considers the role of androgens in the function of sebaceous glands and in 
the aetiology of acne. 

In the following chapter by Christopher Jones, the electro physiological 
and morphological properties of cells in secretory and reabsorptive seg­
ments of the human eccrine sweat gland are compared with those of cells in 
primary cultures established from these regions. The recent identification 
and cloning of the gene for cystic fibrosis has placed renewed pressure on 
the need to develop satisfactory in vitro systems with which to investigate 
the expression of the CF gene and to test possible therepautic regimens. This 
chapter considers in detail some of the properties of the native sweat gland 
secretory and reabsorptive epithelia and assesses potential signatures which 
could be used to investigate the veracity of the cells grown from these 
regions in primary culture. The evidence presented suggests that only cells in 
the secretory tubule and in primary cultures obtained from this region 
respond to acetylcholine. Sensitivity to amiloride is present in a proportion 
of cultured cells obtained from secretory and ductal regions. The 
responsiveness to isoprenaline (isoproterenol) is investigated and found to 
be bicarbonate-dependent in the perifused reabsorptive duct. The dye­
coupling status of different cell types in the secretory and reabsorptive 
segments of the gland is described. 
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The chapter by Catherine Lee opens with a general introduction compris­
ing a brief history of cell culture, an explanation of the culture system and a 
discussion on the need for culture models in the study of epithelial 
physiology. Methods of primary epithelial cell culture with reference to 
human epidermal cells, sweat and sebaceous glands are then considered in 
more detail. The criteria which are used to determine whether the cultured 
cells are indeed epithelial are discussed, the most precise of which is the 
identification of cytokeratins by immunocytochemistry. The benefits and 
drawbacks of primary cell cultures are compared with those of cell lines and 
the techniques used to obtain immortalization are described, together with 
the properties of the cell lines obtained. 

Note added in proof 

Since the identification and cloning of the gene sequence mutated in cystic 
fibrosis, and referred to by several contributors to this book, it has been shown, 
using cultured CF airway' and pancreatic epithelial cells2, that the defective 
transport of chloride, characteristic of the disease, can be corrected in a 
complementation experiment by introducing normal copies of the CFTR gene 
into the defective cells. 

1. Rich, D. P., Anderson, M. P., Gregory, R. J., Cheng, S. R., Paul, S., Jefferson, 
D. M., McCann, J. D., Klinger, K. W., Smith, A. E. and Welsh, M. J. (1990). 
Expression of cystic fibrosis transmembrane conductance regulator corrects 
defective chloride channel regulation in cystic fibrosis airway epithelial cells. 
Nature, 347, 358-363 

2. Drumm, M. L., Pope, R. A., Cliff, W. R., Rommens, J. M., Marvin, S. A., Tsui, 
L-C., Collins, F. S., Frizzell, R. A. and Wilson, J. M. (1990). Correction of the 
cystic fibrosis defect in vitro by retrovirus-mediated gene transfer. Cell, 62, 1227-
1233 
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13 
Isolated Human Skin Glands and 
Appendages: Models for Cystic 
Fibrosis, Acne Vulgaris, Alopecia and 
Hidradenitis Suppurativa 

T. KEALEY 

INTRODUCTION 

There are a number of diseases of human epithelia whose aetiology is 
unknown and whose treatment is unsatisfactory. These include cystic 
fibrosis, acne vulgaris, alopecia (baldness) and hidradenitis suppurativa. 
These particular diseases are either restricted to skin glands or they express 
themselves in an important part through abnormal skin gland activity. 
Thus, cystic fibrosis is characterized by abnormalities of the lunps and 
pancreas I, but its pathognomonic sign is a raised eccrine sweat N aCl . Acne 
vulgaris is a disease of pilosebaceous units2, alopeica is a condition of hair 
follicles3 and hidradenitis suppurativa is a disease of apocrine sweat glands 4. 

These diseases are all specific to humans, and the lack of animal models has 
restricted their research. Study of these diseases has, in the past, been 
further restricted by the difficulties involved in isolating the human skin 
glands and hair follicles. This is because the glands are small, delicate, and 
sometimes translucent, and therefore, difficult to visualize against the 
dermal collagen of a skin biopsy. Microdissection can, therefore, be slow, 
difficult and of low yield. 

In the past, in vitro experiments were made on small biopsies of human 
skin, within which glands or hair follicles were still embedded5-7; but these 
preparations have obvious limitations, of which the greatest are the 
restrictions on gas exchange and nutrient diffusion. To overcome these 
drawbacks, and despite the difficulties with the technique, experimenters 
have microdissected human skin glands and hair follicles812. Such pre­
parations have often yielded enormous information - in particular Quinton8 

and Sato and Sat09 discovered the chloride impermeability and fj-adre­
nergic resistance of cystic fibrosis, respectively, while working with micro-
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dissected human eccrine sweat glands - but research would be facilitated by 
alternative methods for gland isolation. 

To improve the yield of glands and hair follicles, and to develop simpler 
techniques, digestive enzymes have been employed. Kealeyl3, in 1983, 
isolated viable human eccrine sweat glands by the collagenase digestion of 
skin biopsies. These biopsies were obtained as slivers of skin removed from 
the incision of operations on patients who had no systemic disease 
(appendicitis, for example, or coronary artery bypass grafts). Ethical 
Committee permission was granted for this work. 

Okada et al. '4 , also in 1983, isolated viable human eccrine sweat glands by 
dispase digestion. Glands isolated by digestive enzymes retain their viability 
as judged by a number of criteria: these include light and electron 
microscopy, ATP contents, cyclic AMP and cyclic GMP responses to 
secretagogues, and the responses of glycolysis and glucose oxidation to 
secretagogues. Other groups have since used collagenase digestion to isolate 
human eccrine sweat glands 's , but we discovered, in 1984, that shearing'6, 

which had been a preparatory step to collagenase digestion, was itself 
sufficient to release, not only eccrine sweat glands '6, but also sebaceous 
glands '7, apocrine sweat glands '7 and hair follicles 's . 

The yields are high - up to 100 eccrine and 40 sebaceous glands from a 
sliver (150 mm long, 3 mm wide and as deep as the subcutaneous fat) of 
chest skin removed from the incision during cardiac surgery, and up to 40 
apocrine glands from an axillary sliver (25 mm long, 3 mm wide) removed 
during lymph node biopsy for carcinoma of the breast. Up to 40 ceruminous 
glands can be isolated from an external auditory meatus incision (Kealey, 
unpublished observations). 

Shearing is very simple. All that is required is the repeated snipping of a 
skin biopsy with sharp scissors in medium until a porridge-like consistency 
is achieved. The glands and appendages are then picked out under a 
binocular microscope. Figure 13.1 illustrates an isolated human eccrine 
sweat gland and Figure \3.2 illustrates isolated human sebaceous glands, 
hair follicles and an entire human pilosebaceous unit. 

The technique works because of the periglandular capsule of fibroblasts. 
As Figure 13.3 illustrates, skin glands in situ are surrounded by very thin 
fibroblastic cytosolic projections, separated by collagen fibres, and these 
layers shear over each other under the pressure of scissors. Soft skin, such as 
that of the neonatal rat, requires the use of blunt scissors because the blades 
of sharp scissors tend to cut through the skin cleanly, rather than shear it. 
Human skin is sufficiently tough to necessitate the use of sharp scissors even 
to shear it. Because the shearing occurs through the capsule, the underlying 
gland pops out intact, and with no apparent electron-micrographic evidence 
of damage. 

Many indices show that the glands and hair follicles are viable on 
isolation. Light and electronmicrographs show no evidence of tissue damage 
and we have used the energy charge, as defined by Atkinson '9 «ATP) + 0.5 
(ADP)/ (ATP) + (ADP) + (AMP» to show that the glands and hair follicles 
are viable biochemically on isolation (Table 13.1). 

U sing glands isolated by shearing, we have undertaken a number of 
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Figure 13.1 An isolated human eccrine sweat gland. The collecting duct (D) can be seen 
leading up to the skin surface. S = secretory tubule. Magnification 50x . Reproduced by 
permission from the Biochemical Journal, 212, 143-148(c), 1983, The Biochemical Society, 
London 

studies, including those on fuel metabolism, lipid synthesis, second 
messenger turnover, electrophysiology, organ maintenance and cell culture. 

METABOLIC STUDIES 

The skin is a tissue which engages in aerobic glycolysis, as defined by 
Krebs22 • That is to say, it preferentially metabolizes glucose to lactate 
despite the presence of oxygen (see the discussion by Newsholme and 
Leech23). With the partial exception of the sweat gland, the reason for the 
skin's unusual metabolism is not known23 . The lactate content of the sweat is 
high (15-60 mmoll L 1)24 whereas that of the blood is only I mmoll L'. The 
pH of the sweat, however, is low at approximately 5, and this may be caused 
in part by the lactic acid. This, in turn, may be bacteriostatic. In 1973, Sato 
and Dobson25 microdissected monkey eccrine sweat glands and studied their 
rates of glucose oxidation by monitoring the conversion of [U-'4C]glucose 
to 14C02, and they studied their rates of aerobic glycolysis by measuring the 
appearance of lactate in the bathing medium. We have extended these 

. 13,26 
observatlOns to the human gland . 
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Figure 13.2 Isolated human skin glands and appendages. One pilosebaceous unit (pu), two 
sebaceous glands (sg), one hair follicle (hi), an apocrine sweat gland (asg) and an eccrine sweat 
gland (esg) can be seen. Magnification 20x. Reproduced by permission from Acne and Related 
Disorders, (eds.) Marks, R. and Plewig, G., 1989, Martin Dunitz Publisher, London 

Table 13.2 shows that glucose is largely metabolized to lactate, not CO2, 

It can be calculated that the flux of glucose-derived pyruvate through lactate 
dehydrogenase is 16 times that through pyruvate dehydrogenase 13. This 
ratio of 16: 1 contrasts with that of 0.5: 1 seen, for example, in working heart 
muscle29 . We have calculated that the sweat gland synthesizes sufficient 
lactate in vitro to account for the lactate content of sweat in vivo and that it 
is not necessary to postulate that the gland might sequester lactate from the 
blood13. We have also calculated 13 that the metabolism of glucose seen in 
vitro is sufficient to account for the fluid secretion seen in vivo 13 if: (1) it is 
assumed that fluid secretion is mediated by the (N a+ + K+)-stimulated 
ATPase; (2) that the consumption of 1 mol ATP transports 3 mol Na+; (3) 
that each mole of lactate produced from glucose yields 1 mol A TP; and (4) 
that 36 mol A TP are produced for each mole of glucose that is oxidized to 
6 CO2, 

Pyruvate dehydrogenase does not appear to be regulated in the sweat 
gland. Dichloroacetate will not simulate [1-14C]pyruvate oxidation, nor 
does the secretagogue activation of metabolism alter the fate of pyruvate, 
i.e. 10-5 mol L I acetylcholine stimulates both glucose oxidation and lactate 
production 2.3 fold, while 10-5 mol L-1 isoprenaline, a weak sudorific 
agonist, stimulates them both 1.5 fold26 • The J3-adrenergic stimulation 
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Figure 13.3 An electron micrograph of the secretory coil of a human eccrine sweat gland in 
situ. Outside the basal lamina, three or four connective rings of fibroblasts (F) can be seen. 
Shearing occurs between them. Magnification 2800x . Electronmicrograph made by Dr C. J . 
Jones 

Table 13.1 Adenine neuclopide content of human skin glands isolated by shearing (mean ± 
SEM) 

Eccrine 16 
Apocrine 

17 
Sebaceous 

17 Hair follicle' 

ATP (pmol j gland) 81.0 ± 12.7 310 ± 34.1 148.8 ± 30.3 9.19±0.78 
ADP (pmol j gland) 13.8 ± 3.3 90.4 ± 16.3 30.6 ± 4.7 6.26 ± 0.53 
AMP (pmol j gland) 3.8 ± 1.0 40.1 ± 11.8 14.9 ± 4.7 1.21 ± 0.08 
Energy charge" 0.90 0.81 0.84 0.72 

Adenine nucleotides were measured by luciferin luciferase20 as described by Spielman et a/." 
' Rat, not human: Philpott, M. P., Kealey, T. (unpublished data) 

of eccrine sweat gland glycolysis indicates that, in this tissue, phospho­
fructokinase 2 is not inhibited by cyclic AMP26. 

We have shown that glucose is the major sweat gland fuel: the glandular 
oxidation of 14C-labeUed fatty acids and ketone bodies only yields one fifth 
as much A TP as does the metabolism of glucose26. The lack of sweat gland 
oxidative capacity towards fats and ketone bodies probably accounts for an 
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Table 13.2 Rate of glucose oxidation and glycolysis in human eccrine sweat glands 

Amount of substrate oxidized or hydrolysed (nmol gland [ h [ (mean±SEM) 

Control 
10 ' mol L [ isoprenaline 
10' mol L [ acetylcholine 

5 mmol L [ [U-14C]glucose 

0.062 ± 0.009 
0.097 ± 0.23 
0.147 ± 0.038* 

5 mmol L [ [2-3H]glucose 

0.63 ± 0.12 
0.86 ± 0.17 
1.41 ± 0.21** 

Five pairs of glands, each from 3 different subjects, were maintained in bicarbonate-buffered 
medium" and the rates of glucose oxidation determined by monitoring the production of I4CO, 
and the rates of glycolysis calculated from the rate of [2-'H]glycolysis into 'H,o as described by 
Hammerstedt". 
*p <0.05, **p <0.01 compared with the control value as determined by Student's t-test 

interesting anomaly: the lack of a glucose! fatty acid cycle. The inhibition of 
glucose metabolism effected by fat and ketone body oxidation in most 
tissues is not seen in the sweat gland26 . 

These data suggest that the most likely model for the secretagogue-stimu­
lation of metabolism is that glucose flux through the cell membrane and 
phosphofructokinase is increased allosterically by changes in the concent­
ration of ATP, ADP and AMP caused by the energetic requirement of 
secretion. Because pyruvate dehydrogenase is unregulated, the increased 
production of pyruvate causes similar increases in flux through both 
pyruvate dehydrogenase and lactate dehydrogenase. The acetylcholine­
induced depletion of glycogen, however, that is seen both in vivo and in 
vitro26 might be further stimulated by a calcium-activation of phosphor­
ylase . 

LIPID SYNTHESIS 

Apocrine sweat gland 

The function of the sebaceous and apocrine sweat glands is to synthesize 
lipid. (It is also the function of the ceruminous glands, but we have not yet 
studied them systematically.) The roles of the lipid produced by the different 
glands are distinct. The apocrine lipid is odiferogenic. Shelley et al. 30 

showed, in 1953, that the primary apocrine secretion was both odourless 
and sterile, but that skin surface bacteria broke down the apocrine secretion 
into volatile odours, probably volatile fatty acids. Leyden et al. 3! showed, by 
in vivo sampling, that the apocrine sweat lipids comprised: 76.1 % 
cholesterol, 19.2% triglycerides and free fatty acids, 3.6% wax esters, 0.9% 
cholesterol esters and 0.2% squalene. We have now shownj by exposing 
human apocrine glands in vitro to 2 mmol L ! [U-!4C]acetate 2, that uptake 
into chloroform! methanol extractable material is linear over 6 h. The major 
lipids formed were: 12.3% cholesterol, 44.4% glycerides and fatty acids, 
38.8% phospholipids, and no cholesterol esters, wax esters or squalene. 
These in vivo and in vitro figures are more compatible than they appear at 
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first sight. The large phospholipid synthesis in vitro will be a consequence of 
the normal cells' membrane lipid turnover, and it would not be expected to 
appear on the surface of the skin; while the in vivo appearance of cholesterol 
esters, wax esters and squalene can be attributed to contamination from 
sebum, because the apocrine sweat gland empties into the pilosebaceous 
duct. 

In vitro, therefore, the isolated human apocrine sweat gland maintains its 
normal lipogenic function, which is to synthesize lipids, predominantly 
triglycerides, as a substrate for breakdown by skin surface bacteria into 
volatile fatty acids. The nature of these latter remains to be determined. 

Sebaceous glands 

These secrete sebum, which is almost pure lipid. The composition of sebum 
in vivo33 is: 57.5% glycerides and fatty acids, 26% wax esters, 12% squalene, 
3% cholesterol esters and 1.5% cholesterol. When human sebaceous glands 
are isolated br shearing and maintained in either 2 mmol L-1 [U-14C]glucose 
or 2 mmol L- [U- 14C]acetate, uptake into chloroform! methanol extractable 
material is linear over 6 h 17,34. It can be calculated from the known density of 
sebaceous glands and from the known in vivo rates of sebum secretion that 
the rate of sebum secretion! gland in vitro matches that seen in ViVO I7,34. The 
pattern of lipogenesis in vitro34 is: 57.8% triglycerides and fatty acids, 20.2% 
squalene, 12.8% phospholipids, 7.l % wax monoesters and cholesterol esters 
and 2.1 % cholesterol. This approximates very well to the in vivo situation, 
except that the 12.8% phospholipid uptake in vitro reflects a membrane 
turnover that would not be seen in vivo. Sebaceous glands isolated by 
shearing retain, therefore, their biological action. 

Sebaceous glands secrete sebum into the follicular duct of hair follicles. 
From these, sebum spreads along the hair shaft. The function of sebum over 
the terminal hairs (the large visible hairs that are found on the scalp, over 
the pubic areas, over the beard area and chest in post-pubertal men and over 
the legs in adults of both sexes) is presumably the same as the function of 
sebum in all other mammals' terminal hairs: namely waterproofing. The 
function of the sebum synthesized by the sebaceous glands that empty their 
sebum into sebaceous follicular ducts is less clear. 

Sebaceous follicles are found in the areas where acne develops: the face 
and the torso. They contain vellus hairs, but these are vestigial. The 
sebaceous glands of sebaceous follicles, however, are very large, and may 
reach I mg in wet weight l7 • Their growth is androgen-dependent, and the 
onset of their sebum secretion coincides with pubertls. Acne, which also 
coincides with puberty, is a consequence of the inflammation of sebaceous 
follicles2• I have suggested that acne might be caused by the loss of vitamin 
A from the sebaceous follicular duct cells into the sebum36,37, 

Des~ite many studies, no role can be found for sebaceous follicular 
sebum, It appears to offer no protection against sunlight, against dehyd­
ration or against bacteria, I suggest that the role of sebaceous follicular 
sebum is, in fact, to cause acne. The evidence is as follows. 
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Firstly, acne is an androgen-mediated phenomenon35 with marked 
psychological consequences2• Male balding3, and the development of body 
odour30, are also androgen-dependent phenomena with marked socio­
biological effects. 

Secondly, human sebum is unique amongst mammals for containing 
triglycerides (57.5%). Propionibacterium acnes (P. aenes) is a normal 
sebaceous duct commensal, and it appears to hydrolyse triglycerides to free 
fatty acids38 • These free fatty acids are highly inflammatorl8, and may 
account for much of the inflammation of acne. 

The development of acne, therefore, may be a physiological exploitation 
of the loss of terminal hair in humans, to create a further sociobiological 
signal of puberty. 

ECCRINE SWEAT GLAND SECOND MESSENGERS 

A number of studies have been made on second messengers in human 
eccrine sweat glands because of their potential importance in cystic fibrosis. 

Cholinergic second messengers 

The major sweat gland secretagogue is acetylcholine39, which is delivered by 
the post-ganglionic neurone of the anomalous sympathetic system40. The 
acetylcholine stimulation of sweat secretion is blocked by atropine 4', and is 
calcium dependent5, which confirms that this site is muscarinic. The 
immediate second messengers of muscarinic acetylcholine are inositol 1,4,5-
triphosphate (lP3) and diacylglycerol, which are produced by the hydrolysis 
of phosphatidyl inositoI4,5-biphosphate42 • We have studied the cholinergic 
stimulation of IP3 appearance in human eccrine sweat glands. 

Methods 

Eccrine sweat glands (50 per experiment) were incubated for 18 h in 
Williams E medium supplemented with 20 ~mol L-'-myo-[2-3H]inositol 
(S.A. 9.3 Cij mmol). Control experiments showed the uptake was linear up 
to 24 h at 37.2 ± 17.0 fmol gland-' h-' (mean±SEM). Glands were made up 
to 10 ~mol L' acetylcholine for variable lengths of time; further reaction 
was stopped with trichloroacetic acid and the inositol phosphates were 
separated by use of ion-exchange chromatography as described by Berridge 
et al. (l983)~3. Table 13.3 shows that there was a significant rise in glandular 
inositol phosphate contents following incubation with pilocarpine. Control 
experiments showed: (1) that the rise in IP3 content was blocked by 
atropine, and (2) that the exposure of glands to 1 mmol L' lithium 
chloride, an inhibitor of inositol I-phosphatase43 , raised the inositol mono­
phosphate content three-fold. 
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Table 13.4 Cyclic nucleotide metabolism in human eccrine sweat glands 

Conditions of incubation Cyclic AMP Cyclic GMP 
(fmoll gland) (fmoll gland) 
(mean±SEM) (mean±SEM) 

---- -----

Unstimulated 28.8 ± 3.1 5.71 ± 1.69 

10' mol L I acetylcholine 
2 min 191.1 ± 75.8 162.1 ± 48.1 * 
5 min 408.4 ± 245.0 112.9 ± 25.0* 
10 min 178.4 ± 93.2 68.3 ± 13.7* 

10' mol L I isoprenaline 
2 min 162.7 ± 31.6* 8.91 ± 3.50 
5 min 200.2 ± 16.6*** 8.90 ± 2.5 
10 min 202.5 ± 14.8*** 7.60 ± 1.09 

Each observation was made in duplicate on 5 glands, each from 3 subjects". Glands were 
incubated in bicarbonate-buffered medium", exposed to secretagogues, and their cyclic 
nucleotides were measured by radioimmunoassay' . Statistical significance of difference from 
control levels was assessed by Student's t-test *p <0.05, ***p <0.001 

Cyclic GMP 

Muscarinic cholinergic stimulation of tissues causes a rise in cyclic G MP 
through the diacylglycerol activation of cyclo-oxygenase44 • Table l3.4 shows 
that sheared glands show a marked rise in cyclic GMP content following 
2 min exposure to 10 5 mol L-' acetylcholine, which then progressively 
declines. The findings of Sato and Sato 46 on microdissected monkey eccrine 
sweat glands are similar. 

Cyclic AMP 

,l3-Adrenergic agonists stimulate a small amount of sweat secretion 4'. These 
agents activate adenyl clclase and raise cyclic AMP levels in human eccrine 
sweat glands lO-fold 13,1 (Table 13.4). Sato and Sat09 have reported similar 
findings for microdissected human eccrine sweat glands. Curiously, acetyl­
choline also causes a transient, but very marked, rise in cyclic AMP contents 
(Table 13.4). 

The collecting duct 

The sweat gland consists of two parts: a fluid-secreting coil and a collecting 
or reabsorptive duct that directs the sweat to the surface of the skin and 
which actively reabsorbs N aCI from the primary secretion. One of the major 
defects in cystic fibrosis, the raised N aCI content of sweat, is caused by a 
chloride impermeability of the collecting duc{ This might be constitutive 
(i.e. the chloride channels never function) or regulatory (i.e. the chloride 
channels are normal but their activation is abnormal). We investigated, 
therefore, the response of second messengers in the collecting duct of the 
sweat gland to agonists. 
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Table 13.5 Cyclic nucleotide metabolism of collecting ducts and whole glands 

Conditions of 
incubation 

Unstimulated 

10-5 mol L- l acetyl­
choline 

0.5 min 
1 min 
2 min 
5 min 

10-5 mol L- l isopre­
naline 

2 min 
5 min 

Cyclic nucleotide metabolism (fmoll duct) 

Cyclic GMP (n=5) Cyclic AMP (n=3) 

Cyclic GMP 
metabolism 
(fmoll whole 
gland) (n=5) 

---------------- ---

1.62 ± 0.75 

1.27 ± 0.68 
2.72 ± 1.48 
1.80 ± 0.92 

19.96 ± 0.68 

35.38 ± 3.36 
57.00 ± 5.08* 

12.34± 4.15 

48.04 ± 10.23 
59.05 ± 3.17 
79.22 ± 19.36* 
58.10 ± 17.89* 

All results are mean±SEM. *p <0.005 cf. unstimulated. Duplicate assays were performed on 
batches either of two whole glands or three ducts isolated by microdissection of sheared glands 

Table 13.547 shows that the collecting duct shows a cyclic AMP response 
to isoprenaline. This is, however, found in almost all tissues and may not be 
significant. There is no ductal cyclic GMP response to acetylcholine. This 
latter biochemical evidence indicates that there may not be a direct ductal 
regulation by acetylcholine. 

This receives further biochemical corroboration from the findings of Sato 
and Dobson that microdissected sweat gland collecting ducts, in contra­
distinction to microdissected sweat gland secretory coils, show no acetyl­
choline stimulation of glucose oxidation or of lactate release25 . But one 
proviso needs to be noted. Electronmicrography of isolated human eccrine 
sweat glands shows that secretagogues stimulate fluid secretion l3 : this can be 
seen by the dilatation of intercellular canaliculi. Isolated collecting ducts, 
however, may not be able to respond to acetylcholine by reabsorbing NaCl 
and so stimulating metabolism, because their lumens may be collapsed and 
empty of fluid and ions. A definitive catabolic experiment would have to be 
made on lumen-perfused ducts. 

Electrophysiology of human eccrine sweat glands47,48: This will be discussed 
elsewhere in this volume (Chapter 14 by C. J. Jones). 

ORGAN MAINTENANCE AND CELL CULTURE 

These two techniques are very important in experimental dermatology. 
Organ maintenance is the long-term maintenance of intact organs: that is to 
say they are preserved in a state which retains their native architecture, cell­
cell interaction, cell-connective tissue interaction and cellular differentia­
tion as much as possible. Cell culture, in contrast, is the promotion of cell 
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growth, often in monolayers, and this is generally achieved at the expense of 
native architecture and of some differentiated functions (see review 49). 

Organ maintenance and cell culture are important in experimental 
dermatology because many of the diseases of skin are a consequence of 
abnormal rates of cell division or of abnormal cell differentiation. Acne, for 
example, reflects hyperproliferation and hyperkeratinization of the cells of 
the pilosebaceous follicular duc{ Alopecia involves the conversion of 
terminal scalp hairs into vellus ones3, which is a gradual process spread over 
many cycles of individual hair growth (each cycle may last for up to two 
years). Furthermore, culture may offer the best physiological tool for 
determining the biological actions of pharmacological or endocrinological 
agents. The retinoids, for example, which are highly effective in acne, act by 
regulating sebocyte cell division and differentiation50 , while testosterone 
regulates apocrine sweat gland growth. These phenomena can best be 
studied by culture in vitro. 

Because organ maintenance retains normal tissue architecture, it tends to 
retain normal cell differentiation. It is, therefore, appropriate to studies of 
diseases of differentiation. Cell culture offers different advantages: we have 
cultured sweat gland cells to increase tissue availability and to expose the 
luminal membrane. These have been of importance in cystic fibrosis 
research (see below). 

Organ maintenance 

We have now successfully maintained in organ culture the four major human 
skin glands and aRpendages: eccrine sweat glands l6 , apocrine sweat glands32, 

sebaceous glands and hair follicles51 . These tissues are particularly suitable 
for organ maintenance because they are small, and so their viability will not 
be threatened by a lack of gaseous or nutrient diffusion. This means that they 
can be maintained whole, without being cut through the basement mem­
brane into small masses of cells. We have used the same technique for all the 
glands and hair follicles: they are maintained on porous polycarbonate filters 
which float at the air I surface interface of supplemented Williams E medium 
at 37° C in 5% CO2:95% air. From these studies, certain general principles can 
be derived. First, terminally differentiated or Go cells can be successfully 
maintained and they will continue to express differentiated functions. So, for 
example, human apocrine sweat glands will demonstrate an unchanged 
electronmicrographic structure and will synthesize the same amounts and the 
same classes of lipid fromJU- 14C]acetate after lO days maintenance as they 
did when freshly isolated3 • Organ-maintained, terminally differentiated or 
Go cells will even adapt appropriately. So, for example, human eccrine sweat 
glands will, after 7 days' maintenance, demonstrate a five-times greater rise in 
cyclic AMP content after stimulation with lO-5 mol L- 1 isoprenaline than 
freshly isolated glands 16. This maintenance supersensitivity reflects the 
denervation supersensitivity of tissues in situ52 • Appropriately, the main­
tained human eccrine sweat gland demonstrates a maintenance hypo­
sensitivity of cyclic GMP response to acetylcholine l6,and this mimics 
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the known in vivo denervation hyposensitivity of human eccrine sweat 
glandsS3, and the described in vivo denervation hyposensitivity of other 
exocrine glands' muscarinic responsesS4. 

The retention of fully differentiated function by dividing stem cells in 
organ maintenance is, however, less complete; no general rules can be 
derived, as is illustrated by maintained sebaceous glands and hair follicles. 

Sebaceous glands 

Sebum secretion is holocrine. Sebocytes arise from peripheral stem cells, 
and, as they move centrally, they engorge with lipid droplets until they 
burst, releasing their contents into the sebaceous duct. Tracer experiments 
following the in vivo injection of eH]thymidine or [U-14C]leucine, have 
suggested a sebocyte transit time of 7-28 daysss.s6. 

In vitro, on organ maintenance, the rates of eH]thymldine and [U_14C} 
leucine uptake into TCA precipitable material are unchanged over 14 dayss . 
(TCA, or trichloroacetic acid, precipitates biological macromolecules, such 
as DNA and proteins.) eH]Thymidine autoradiography also shows a normal 
peripheral sebocyte nuclear localizationso. But these new cells do not 
differentiate properly. They show few, if any, lipid droplets, and over 14 days' 
maintenance, the glandular rate of lipid synthesis falls progressivelySO 

It appears, microscopically, that sebocytes which were already committed 
to differentiation on isolation continue to differentiate: maintained 
sebaceous glands lose the gradual centripedal progression of maturing cells 
but show, instead, a large peripheral zone of undifferentiated cells, which 
border abruptly on a central core of highly mature cells; these latter 
presumably represent the final maturation stage of those sebocytes that were 
already committed to differentiation when the glands were isolated. This 
seems to confirm the general rule suggested above that differentiated cells 
(or differentiating terminal cells) retain their differentiated function on 
organ maintenance, unlike stem cells. Nonetheless, the organ-maintained 
sebaceous gland has proved a good model for studying the biological effects 
of retinoids and androgens. l3-cis-Retinoic acid causes a 4-fold reduction in 
DN A synthesis, and testosterone doubles the rates of lipid synthesis50. 

Hair follicles 

Hair growth is mediated by the division and keratinization of the epithelial 
matrix cells of the hair shaft. [3H]Thymidine autoradiography of freshly 
isolated hair follicles shows intense nuclear uptake by such cells 18, but, on 
organ maintenance, hairs cease to grow, and they change from anagen (the 
growth phase) to catagen (the transition to the resting phase) or a catagen­
like stateSI . 

Cell culture 

This is discussed by other contibutors to this book. Let it be noted here that 
we have successfully grown primary epithelial cells from human eccrine 
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sweat glands57 , sebaceous glands and hair follicles (our unpublished 
observations). While the two latter were no surprise, cell turnover being a 
normal in vivo feature of such tissues, the success with eccrine sweat glands 
has shed light on their cell biology. Mitotic figures within the secretory coil 
of sweat glands are not seen in vivo 58 , and it has been suggested that they are 
terminally differentiated, like neurones or muscle cells. But we have shown 
that new secretory coil cells will start to grow within 36 h of explant57• This 
establishes that sweat gland secretory coil cells in vivo are in Go and not 
terminally differentiated. It has long been known, of course, that distal 
collecting duct cells divide in vivo58 , to maintain their structure within the 
epidermis which turns over rapidly, so the primary culture in vitro57 of 
collecting cells was less of a surprise. 

CONCLUSION 

We have shown that human skin glands and hair follicles can be isolated 
intact and viable and in large numbers by shearing. The metabolic and cell 
biological studies discussed here indicate that they may prove useful models 
for studying dermal biology and pathology. 
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14 
Electrophysiological and Morphological 
Studies on Secretory and Reabsorptive 
Segments of the Human Eccrine Sweat 
Gland and on Primary Cell Cultures 
Established from these Regions 

c. J. JONES 

INTRODUCTION 

Epithelial tissues are routinely dissected from laboratory animals for use in 
scientific research but investigations on human epithelia have been 
hampered by the difficulty in obtaining fresh normal samples routinely. 
Skin represents an obvious exception in view of its accessibility and has 
provided cells for fibroblast culture (for example references I and 2) and 
glands for direct study (for example references 3-6), organ maintenance7, 
primary cell culture8- '4 and established celllines '5,'6. The glands can either be 
microdissected from small skin plugs obtained by punch biopsy, or isolated 
by the shearing procedure from larger skin specimens obtained from 
individuals undergoing elective surgery. In the first report on shearing4, the 
skin specimens were pretreated with collagenase, but this was later found to 
be unnecessar/,5,7,17. The isolation of skin glands without the need to 
preincubate with collagenase was especially advantageous, particularly if 
the glands were to be used for direct physiological and biochemical 
investigations where enzyme pretreatment might prove deleterious. Further 
information on the bulk isolation of skin glands can be found in Chapter 13 
by Terence Kealey. 

The present chapter will focus on the human eccrine sweat gland, a 
cutaneous exocrine gland with thermoregulation as its primary function. It 
is one of the most accessible human exocrine glands and may serve as a 
general model for other exocrine glands, particularly with respect to ion and 
fluid secretion. Normally a single blind-ended tubule, the eccrine sweat 
gland consists of a coiled portion located in the dermis and an uncoiled 
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Figure 14.1 Coiled region of a human eccrine sweat gland isolated by shearing. The secretory 
(S) and reabsorptive ductal (D) components can be distinguished. The reabsorptive duct has a 
smoother surface appearance and narrower outer diameter than the secretory tubule. Scale bar 
= 200 ~m. Figure reproduced by kind permission of Dr Terence Kealey 

portion connecting with the skin surface. The coiled portion comprises a 
secretory component generating a sodium chloride-rich isotonic fluid 18.19 

which then passes into the coiled reabsorptive duct, where some of the 
sodium and chloride are reabsorbed in excess of water20 (Figure 14.1). 
Further reabsorption may occur in the ascending duct which also serves as a 
conduit, conducting hypotonic sweat to the skin surface. 

The eccrine sweat gland, therefore, gives one the opportunity to study 
secretory and reabsorptive processes in a human exocrine gland. The major 
problem with such investigations is the small size of the gland; the tubule is 
approximately 6-8 mm in length and only 30-60 !lm in outer diameter. Yet, 
in spite of this, it has been possible to devise microtechniques to cannulate 
the secretory tubule and collect the primary secretion l9 , to microperfuse the 
reabsorptive duct lumen20 and to analyse the elemental content of samples 
less than I nl in volume21 . 

The reason why so much attention has been focussed on the eccrine sweat 
gland, in the face of undoubted practical difficulties, is the involvement of 
this organ in cystic fibrosis (CF), an inherited disease of ion transport 
known only in man. The levels of sodium and chloride are significantly 
elevated in the sweat of patients with CF22. The CF sweat gland fails to 
secrete in response to the ,l3-adrenergic agonist isoprenaline (isoproterenol)2J 

306 



ELECTRO PHYSIOLOGICAL AND MORPHOLOGICAL STUDIES 

and the reabsorptive duct demonstrates a markedly reduced capacity to 
reabsorb chloride24,25, Unlike the exocrine pancreas, the sweat gland does 
not show ductal inspissation and progressive pathological degeneration 
during the course of the disease, probably because sweat is relatively serous 
in nature, 

The presence of an abnormal chloride conductance in cystic fibrosis has 
been confirmed in both in vivo and in vitro studies with intact nasal tissues, 
with primary cultures of respiratory epithelial cells and with transformed 
cell lines established from respiratory epithelia. These findings are discussed 
in detail in Chapter 10 by Michael Van Scott, James Yankaskas and 
Richard Boucher. In cultured airway epithelial cells, the patch-clamp 
technique has been used to focus upon the operation of chloride channels 
and this is reviewed in Chapter 12 by Jeffrey Smith. It has been shown in 
cell-attached recordings that cyclic AMP-mediated agonists, including 
epinephrine, forskolin, isoprenaline and 8-bromo-cyclic AMP, evoke chlor­
ide channel activitx in normal airway epithelial cells but not in those derived 
from CF subjects 6,27. Intracellular c~clic AMP levels increase normally in 
CF cells in response to .8_agonists23,2 ,28 and, in view of the fact that patent 
chloride channels could be demonstrated in excised membrane patches from 
both normal and CF cells, the present focus is directed towards the 
regulation of the chloride channel. 

To date, it has not been possible to confirm these patch-clamp findings in 
cell cultures established from normal and CF human eccrine sweat glands 
and the reasons for this are unclear. Little is known of the properties of 
individual cell types in the human eccrine sweat gland and this in turn limits 
the degree to which cultures derived from these cells can be characterized. 

Now that the gene for cystic fibrosis has been identified29 , cDNA cloned 
and characterized30 and a protein structure predicted30, the need for stable 
cell cultures and immortalized cell lines from normal and CF epithelia is 
redoubled. Also, once agents have been developed to counteract the 
deleterious effects of the CF mutation, the eccrine sweat gland and stable 
cultures of affected cells could serve as useful assay systems. 

The present chapter will review the known properties of different cell 
types in the human eccrine sweat gland and will consider the extent to which 
primary cell cultures established from the secretory and reabsorptive regions 
of the gland express the properties of their progenitors. 

PROPERTIES OF THE HUMAN ECCRINE SWEAT GLAND 

The secretory tubule 

The wall of the secretory tubule comprises a pseudostratified columnar 
epithelium of clear (non-granular) and dark (granular) cells, bounded on the 
basal surface by a discontinuous layer of myoepithelial cells31 ,32 between 
which basal infoldings of the secretory cells can be discerned (Figure 14.2). 
The clear and dark cells are considered to fulfil different secretory roles. The 
presence in the human eccrine sweat gland of more than one type of 
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Figure 14.2 Electron micrograph showing a transverse section through the secretory tubule of 
the human eccrine sweat gland. The clear (C), dark (D) and myoepithelial (M) cells can be 
distinguished. Scale bar = 2 Ilm 

secretory cell is a feature shared in common with several exocrine glands, 
including the human submandibular33 and bronchial submucosal glands34• 

Electrophysiological studies of glandular epithelia35 have concentrated 
largely on acini comprising one secretory cell type (homocrine glands), for 
example the lacrimal, pancreas, Ptarotid and, in the case of the rat and 
mouse, the submandibular glands 6. 

In the human eccrine sweat gland, dark cells, so named because of their 
cytoplasmic basophilia37 , show in their pseudostratification a structural bias 
towards the main lumen and possess osmiophilic, acid mucopolysaccharide­
rich granules, the contents of which are thought to be secreted into the 
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lumen by exocytosis3!,38. Clear cells do not contain these granules and are 
considered from ultrastructural comparisons of resting and actively secret­
ing glands to be primarily responsible for fluid secretion, much of which is 
thought to pass into intercellular canaliculi. These are branches of the main 
tubule lumen and serve to amplify the surface area for ion and fluid 
transport. The apical surface of the clear cells is further amplified by 
microvilli, which are present in an ordered array (Figure 14,3). Microvilli 
are also found on the apical surface of the dark cells but here the 
arrangement is disordered (Figure 14,3) and this would be consistent with 
an environment exposed to frequent exocytotic events. Myoepithelial cells 
(Figure 14.4), which contain dense masses of myofilaments, are located on 
the epithelial side of the basement membrane and normally run parallel to 
the long axis of the secretory tubule39. Qualitative photomicrographic 
studies made with resting and acetylcholine-stimulated sweat glands obtai­
ned from the monkey palm40, and subsequent isometric measurements made 
with microdissected lengths of secretor~ tubule 4! have attributed a con­
tractile function to these cells. Sato et al. ! concluded that the myoepithelial 
cells probably provide structural support and enable the secretory epith­
elium to develop the high luminal hydrostatic pressures that may be 
necessary to deliver sweat to the skin surface. 

Between the secretory tubule and the reabsorptive duct is found a short 
narrow segment of tubule, the transition zone, consisting of a layer of 
columnar epithelial cells superimposed on a thin basal celllayer42. Because 
of its small size, very little work has been done on this region and its 
function is unclear. 

The reabsorptive duct 

The reabsorptive duct, on the other hand, has been extensively investigated, 
In the coiled part of the gland, the duct wall comprises initially two layers of 
essentially cuboidal epithelial cells which show marked structural differ­
ences between the inner and outer cell layers (Figure 14.5). Cells of the inner 
layer possess a luminal surface amplified with stubby microvilli and the 
cytoplasm contains abundant tonofilaments linking with spot desmosomes 
liberally distributed along the highly convuluted border with neighbouring 
apical cells3! (Figure 14.5). The tonofilaments are considered to provide 
structural support. In studies where sweat glands were maintained in organ 
culture for up to 7 days, the inner layer cells were shown to withstand 
considerable luminal dilatation7 (Figure 14.6). The cells of the outer layer, 
which appear less closely linked than their inner layer neighbours, are very 
rich in mitochondria (Figure 14.5) and some of the ATP generated will fuel 
the operation of the Na+ / K+ ATPase which serves to maintain an effective 
gradient for sodium reabsorption from the duct lumen. The enzyme is 
known to be located basolaterally from studies of eH]ouabain binding 43 and 
from the demonstration that sodium reabsorption is inhibited by basolateral 
but not luminal ouabain20. 
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Figure 14.3 Electron micrograph showing the luminal surface of the secretory epithelium in 
the human eccrine sweat gland. Apical microvilli (AM) of the clear cell (C) are ordered whereas 
those of the dark cells (D) are disordered. Scale bar = 2 ~m 

Prolactin-like immunoreactivity 

The hormone, prolactin, has been implicated in the regulation of ion and 
fluid transport across epithelial cell membranes in both mammals and 
fishes. In mammals, prolactin increases the reabsorption of sodium in 
mammary cells 444~ and the reabsorotion of sodium, chloride and water in 
renal4951 and intestinal epithelia52 '54. Because of this and the fact that 
chloride transport is known to be abnormal in cystic fibrosis, sections 
through the human eccrine sweat gland have been investigated for prolactin­
like immunoreactivit/5• Clear cells of the secretory coil were found to stain 
strongly for the presence of prolactin or a closely related substance whereas 
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Figure 14.4 Electron micrograph of myoepithelial cells (M) on the basal surface of the 
secretory tubule. The basal infoldings of secretory cells (S) can be discerned between the 
myoepithelial cells. Scale bar = 2 ~m 

virtually no stain was detected in the dark cells. In the reabsorptive duct, 
patchy staining was observed in cells of the outer layer but none was 
observed in the inner layer. These results are illustrated in colour in 
reference 55. The finding of prolactin-like immunoreactivity in certain cell 
types in the human eccrine sweat gland raises the possibility of a role for this 
substance in sweat gland function, the nature of which remains to be 
determined. 
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Figure 14.5 Electron micrograph of a transverse section through the reabsorptive duct 
showing the apical and basal cell layers. Scale bar = 2 ~m. (from reference 7, with permission) 

ELECTROPHYSIOLOGICAL PROPERTIES OF DIFFERENT CELLULAR 
COMPARTMENTS: THE CELL SIGNATURE CONCEPT 

Because the coiled region of the human eccrine sweat gland contains at least 
five different cell types, excluding those present in the transition zone, any 
attempt to associate electrophysiological responsiveness with a particular 
cell type will require some form of labelling, permitting subsequent 
identification of the cell type from which intracellular recordings were 
made. As an added bonus, if the substance used for labelling also passes 
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Figure 14.6 Transverse section through the reabsorptive duct of a sweat gland maintained in 
organ culture for 7 days. The epithelial cells are withstanding considerable luminal distension. 
Scale bar = 211m. (from reference 7, with permission) 

through gap junctions, the dye-coupling status of the cell type can be 
ascertained. Should a unique response or combination of responses be 
confirmed for a particular cell type or coupled compartment, then routine 
labelling would no longer be necessary. The labelling of cells in sweat glands 
obtained from patients with cystic fibrosis will determine whether the same 
electrophysiological and dye-coupling properties apply there. Such 
signatures derived from individual cell types or dye-coupled compartments 
could then serve as benchmarks with which to assess the properties of cells 
in culture relative to their progenitors. 

Electrophysiological recordings were made initially from cells in the 
coiled portion of the human eccrine sweat gland and later from cells in short 
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lengths of secretory and reabsorptive tubule microdissected from this 
region. To ascertain which cell type was impaled with the recording 
microelectrode, the fluorescent naphthalimide dye, Lucifer Yellow CH 
(mol. wt. 457)56,57, was introduced from the microelectrode tip into the cells 
by hyperpolarizing current once the electrophysiological recordings had 
been made, A procedure was developed for the embedding of small 
specimens in gl¥col methacrylate-based resin for photomicrography and 
serial sectioning 8. Treated glands and fragments thereof were embedded 
and then examined by transmission fluorescence microscopy, first as whole 
mounts and subsequently as 5 f.lm serial sections. Sections containing 
labelled cells were photographed and then stained with Toluidine Blue to 
complete the identification of the cell types involved. 

In addition, microdissected lengths of reabsorptive duct were investigated 
by luminal microperfusion and intracellular impalement in the absence of 
bicarbonate and by intracellular impalement in the presence of bicarbonate. 
By combining luminal microperfusion with intracellular impalement, trans­
epithelial (Vt) and basolateral (Vb) resting potentials could be recorded 
simultaneously. The acquisition of stable intracellular impalements was 
greatly aided by immobilizing sweat gland segments between suction 
micropipettes and by using a piezoelectric microstepper to advance the 
recording microelectrode, 

ELECTROPHYSIOLOGICAL AND DYE-COUPLING PROPERTIES OF CELL 
TYPES IN NORMAL AND CF ECCRINE SWEAT GLANDS 

Two studies have been performed. The first involved the use of sweat gland 
coils which contained both secretory and reabsorptive regions59 and the 
second utilized micro dissected fragments of secretory coil and reabsorptive 
duct60 • 

In the former study, forty-five successful Lucifer Yellow microiontophor­
eses were performed, three of which were shown to be in secretory cells, 
twelve in myoepithelial cells and thirty in cells of the reabsorptive duct. 
Secretory cells were therefore identified as the most difficult to impale and 
reabsorptive duct cells as the easiest in the coiled part of the gland. In the 
case of sweat gland coils obtained from patients with cystic fibrosis, six 
microiontophoreses were performed and one secretory cell, two myo­
epithelial cells and three reabsorptive duct cells were subsequently found to 
be labelled. All sites of labelling in normal and CF sweat gland coils were 
confirmed by analysis of 5 f.lm serial sections. 

The second study focussed on microdissected fragments of secretory coil 
in an effort to investigate further the dye-coupling status and electro­
physiological properties of the clear and dark cells. 

Secretory cells 

The reason for the difficulty in impaling secretory cells is unknown. The 
presence of an almost complete layer of myoepithelial cells at the basal 
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Figure 14.7 Extensive dye-coupling between columnar cells in the secretory epithelium of the 
human eccrine sweat gland. The cells in this region do not show pseudostratification and so are 
considered to be in the transition zone. 
A 5 ~m transverse section observed by transmission fluorescence microscopy. B The same 
section after staining with Toluidine Blue and observed in normal light. Scale bar = 50 ~m. 
(from reference 59, with permission) 

surface may be a factor. Alternatively, secretory cells may be more sensitive 
to impalement and so decouple from neighbouring cells. Unfortunately, 
secretory cell impalements were relatively short-lived and so there was little 
opportunity for experiment. 

All of the secretory cells labelled in normal glands showed dye-coupling 
to neighbouring cells. In one case (Vb = -63 m V), Lucifer Yellow spread to 
two selected neighbours; in another case (Vb = -40 m V), seven secretory cells 
were involved in labelling; and in the third case (Vb = -52 m V), more than 
fifty adjacent columnar cells were found to be dye-coupled (Figure 14.7). In 
the latter case, no pseudostratification was observed in the columnar 
epithelium, and it seems likely that the region labelled lay in the transition 
zone rather than the secretory tubule. Only one secretory cell was success­
fully impaled (Vb = -48 m V) in eccrine sweat glands obtained from two 
patients with cystic fibrosis and the result showed selective dye-coupling 
(Figure 14.8). The labelled cells showed a luminal bias in their pseudo­
stratification and this, taken together with their increased basophilia on 
staining with Toluidine Blue, would argue in favour of selective dark cell­
dark cell coupling. 

In view of the latter finding and because secretory cells proved so difficult 
to impale successfully, a further study was undertaken in which micro­
dissected fragments of secretory coil were immobilized between two suction 
micro pipettes and intracellular impalements attempted with the help of a 
piezoelectric microstepper6o • Even with these modifications, it proved much 
more difficult to impale cells in fragments of secretory tubule compared 
with reabsorptive duct. In an effort to secure stable impalements of 
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8 

Figure 14.8 A 5 11m section of an isolated CF eccrine sweat gland observtd by fluorescence 
microscopy and showing dye-coupling between selected neighbouring secretory cells. B After 
staining the section, the cells involved in dye-coupling are confirmed as secretory and show 
apical bias and increased Toluidine Blue basophilia, features which are consistent with the 
properties of dark cells. Scale bar = 50 11m. (from reference 59, with permission) 

secretory cells, microelectrode advances of 1- 2 Jlm using the piezoelectric 
stepper were combined with capacitance overcompensation. Entry 
potentials of -20 to - 60 m V were recorded but these proved difficult to 
maintain. Lucifer Yellow was introduced if the initial value remained stable 
for two minutes. 

Two basic patterns of dye-labelling were observed. Labelling was either 
confined to single cells (Figure 14.9) or showed limited spread to selected 
adjacent cells. In all seven cases where label had spread, serial sectioning of 
the embedded fragments , followed by staining with Toluidine Blue revealed 
that only dark cells had been labelled (Figure 14.10). On no occasion was a 
clear cell shown to be involved in dye-coupling. The fact that dark cells 
showed preferential labelling was surprising because they are the smaller of 
the two secretory cell types and their cell bodies are more remote from the 
impaling microelectrode. The reason why clear cells are so difficult to label 
is not known. Lucifer Yellow is secreted by certain epithelia, for example 
malpighian tubule cells of Locusta (J. H. Anstee and D. Hyde, personal 

316 



ELECTROPHYSIOLOGICAL AND MORPHOLOGICAL STUDIES 

Figure 14.9 Whole mount of a secretory tubule segment containing two sites of Lucifer 
Yellow labelling, each of which appears to involve a single cell. A Smaller wine glass-shaped 
cell has the morphology of a dark cell. B Larger cell with broader basal aspect may be a clear 
cell. Scale bar = 50 Ilm. (from reference 60, with permission) 

communication) and Rhodnius (S. H. P. Maddrell, personal communica­
tion). Perhaps clear cells of the human eccrine sweat gland also secrete 
Lucifer Yellow. Another possibility is that dye-coupling may not exist in 
clear cells or that they may decouple very easily under the experimental 
conditions. They may be more sensitive to impalement damage than dark 
cells. 

Myoepithelial cells 

Myoepithelial cells were found to be dye-coupled in both normal and CF 
eccrine sweat glands. This coupling involved only adjacent myoepithelial 
cells and not the secretory cells with which they also made contact (Figure 
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Figure 14.10 Three non-serial 5 ~m sections through a group of dye-coupled cells in the 
secretory tubule . Left panel: sections observed with fluorescent optics. Right panel: same 
sections, now stained with Toluidine Blue and observed in normal light. The dye-coupled cells 
are unequivocally identified as dark cells. Scale bar = 50 ~m. (from reference 60, with 
permission) 

14.11). Resting potentials for myoepithelial cells in normal glands were in 
the range -35 to -65 mY (mean = -52 mY, SEM ± 2.4 mY, n = 12). In eight 
of these cells, spontaneous depolarizing transients were observed, the 
amplitude but not frequency of which increased with increasing membrane 
polarization (Figure 14.12). When glands were maintained for up to thirty 
hours in organ culture, the frequency and amplitude of the transients fell 
(Figure 14.13). Administration of acetylcholine (10 6_ 10-7 mol L I) pro­
duced microelectrode dislodgement in cells displaying frequent transients 
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B 

Figure 14.11 5 flm section through the coiled portion of the human eccrine sweat gland 
showing dye-coupling exclusively between myoepithelial cells (arrowed). A Section observed 
with fluorescent optics. B Same section. now stained with Toluidine Blue and observed in 
normal light. Scale bar = 50 flm. (from references 59. with permission) 

and caused membrane potential depolarization in cells showing few or no 
transients (Figure 14.13). In the latter case, a group of depolarizing 
transients was sometimes observed during or after the acetylcholine-induced 
depolarization. Spontaneous depolarizing transients were also observed in 
recordings from myoepithelial cells in CF eccrine sweat glands. 

Reabsorptive duct cells 

In experiments conducted on intact sweat gland coils, thirty cells were 
labelled in the reabsorptive duct, twenty-six of which showed complete dye­
coupling to neighbouring cells in both apical and basal cell layers of the duct 
wall (Figure 14.14). No relationship was observed between dye-coupling 
status and basal resting potential which lay in the range -40 to -82 m V 
(mean = -60 mY, SEM =±2.4, n = 30). Input impedances were recorded 
between 5 and 30 MQ. The finding that reabsorptive duct cells are capable 
of complete dye-coupling is in accord with the presence of numerous gap 
junctions between the cells and the observation that exploratory impale­
ments along ductal segments produced similar readings for basal resting 
potential and low input impedance. With CF sweat glands, only one of the 
three duct cells labelled (Vb = -60 m V) showed complete dye-coupling 
(Figure 14.15), whereas the remaining two cells (Vb = -58 and -62 mY) 
showed no spread of label. The results, therefore, indicate the capability for 
complete dye-coupling and for decoupling in CF sweat glands. 
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8 

Figure 14.15 Complete dye-coupling between the inner and outer cell layers of the 
reabsorptive duct in an eccrine sweat gland isolated from a patient with cystic fibrosis. A 5 11m 
section observed by transmission fluorescence microscopy. B The same section after staining 
with Toluidine Blue and observed in normal light. Scale bar = 50 11m. (from reference 59, with 
permission) 
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On giving acetylcholine (10 6_10-7 mol L'), ten out of twenty-five cells 
tested showed no change in Vb' whereas the remainder exhibited depolarizing 
or hyperpolarizing responses consistent with an apparent reversal potential 
between -65 and -70 m V. This was in agreement with findings in a previous 
study by Jones et al.,3 where the majority of cells impaled would have been 
duct cells. The finding that some cells did not respond to acetylcholine and 
others needed several doses to elicit a response might imply an effect 
secondary to an induction of secretion from the secretory coil. This secretion 
would subsequently flow into the duct where it would be subject to 
modification. In experiments with isolated fragments of reabsorptive duct, 
acetylcholine had no effect on basal resting potential61 nor did it induce a 
significant increase in the content of the cholinergic second messen~er, cyclic 
G MP59. Moreover, the cholinergic agonist, methacholine (10-5 -10- mol L -I) 
administered in the bathing solution to isolated microperfused and perifused 
human sweat ducts in the absence of bicarbonate produced no change in Vb 
or Vt

61 and the same is true for Vb of ducts perifused in the presence of 
bicarbonate62 • These findings would therefore argue against a direct action of 
cholinergic agonists on the reabsorptive sweat duct. 

Cells of the reabsorptive duct have also been exposed to isoproterenol 
(isoprenaline) in the search for a possible link between the failure of CF 
sweat glands to secrete in response to isoproterenoe3 and the reduced 
capacity to reabsorb chloride demonstrated in the duce4•25 • Isoproterenol 
had no effect either on Vb or Vt when administered in the bathing solution to 
normal sweat ducts perfused and perifused in the absence of bicarbonate61 

(Figure 14.16). However, on changing to perifusion with bicarbonate­
containing buffer, Vb responses were observed (Figure 14.l6), mimicked by 
forskolin, which took the form of an oscillator, initiated either by a 
depolarizing or hyperpolarizing rcsponse62,63. This response was also found 
to be chloride dependent. 

With respect to ion channels, it is now well established that the 
reabsorptive duct enithelium is equipped with apical amiloride-sensitive 

d · h I 20.6t.64 d b I I . h I 59.64 ChI 'd so lUm c anne s an aso atera potasslUm c anne s. on e 
channels are present in both the apical and basolateral membranes65 and 
recent work with chloride-sensitive microelectrodes has confirmed this (M. 
M. Reddy, personal communication). 

DIFFERENT PHYSIOLOGICAL SIGNATURES OF SWEAT GLAND 
SECRETORY AND DUCT CELLS IN PRIMARY CULTURE 

Electronmicroscopic and electro physiological studies have been performed 
on primary cell cultures obtained from the secretory and reabsorptive 
regions of the human eccrine sweat gland 10. When grown in culture, the cells 
became flattened and organized into multilayers (Figure 14.l7). In spite of 
these changes in shape, it was still possible to impale the cells with a 
microelectrode and make intracellular recordings. 

The resting potentials for cells cultured from the secretory tubule 
(-35±2 m V, n = 36) were significantly greater than those recorded for 
cultured duct cells (-22±1 mY, n = 58, p ::;0.01). On giving the cholinergic 
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EPITHELIA 

Figure 14.17 Electron micrograph showing layers of cells with flattened morphology in a 
primary cell culture established from an explanted fragment of secretory tubule. M = 
mitochondria; T = tonofilaments; Scale bar = I ~m 

agonist, methacholine (lO 5 _10" mol L \ the cultured secretory cells could 
be distinguished unequivocally by their atropine-sensitive hyperpolarization 
(-20±2 mY, n = 43) (Figure 14.l8), whereas no cultured duct cells responded 
(Figure 14.19). Administration of the sodium conductance antagonist, 
amiloride (10 5 or 10" mol L ') caused 44% of cultured secretory cells to 
respond by hyperpolarization (-8±1 mY, n = 8), whereas 87% of the cultured 
duct cells hyperpolarized (-IS± I m V, n = 46) and by a significantly increased 
margin (p ::;0.0 I). Replacement of chloride with gluconate in the bathing 
medium caused membrane potential depolarization in both cultured 
secretory and duct cells, consistent with the presence of a chloride 
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conductance in the cell membrane. Isoprenaline produced a transient 
hyperpolarization of 5-10 m V in three out of six cultured secretory cells 
tested but had no effect on cultured duct cells. 

Administration of methacholine provided a means of distinguishing 
unequivocally between primary cultures of secretory and ductal origin. This 
result is in accord with the behaviour of cells in the native epithelium 
discussed earlier and therefore provides a most promising signature with 
which to distinguish cultures of secretory and ductal origin. The same 
cannot be said of the sodium conductance antagonist, amiloride, which 
produced responses in a proportion of cultured secretory and duct cells. The 
finding that almost half of the cultured secretory cells responded to 
amiloride was unexpected in view of the report that serosal amiloride had 
no detectable effect on methacholine-induced fluid secretion in the intact 
gland20 • The possibility that amiloride-sensitive sodium channels may fulfil 
another role in the native secretory epithelium cannot be excluded, nor can 
the possibility that a proportion of secretory cells may show altered 
phenotypic expression when grown in culture. 

SUMMARY AND CONCLUSIONS 

In the secretory segment of the human eccrine sweat gland, three cell types 
are present. Myoepithelial cells are exclusively dye-coupled to neighbouring 
myoepithelial cells, dark cells to dark cells, and the remaining clear cells are 
either exclusively dye-coupled to each other or are uncoupled. It has been 
suggested in work with smooth muscle that one of the functions of cell-cell 
coupling is to co-ordinate the cellular response to packets of neuro­
transmitter released at discrete sites66 • In this way, a signal reaching only a 
few cells could be transmitted to coupled neighbours by an intracellular 
messenger. Separate coupling compartments for clear and dark cells would 
mean that they could be independently regulated by hormones and neuro­
transmitters and so make distinct contributions to the final secretory 
product. In the reabsorptive duct, complete coupling throughout the 
epithelium exposes the maximum number of basolateral N a+ I K + -dependent 
ATPase sites to intracellular sodium and so establishes a most effective 
gradient favouring sodium reabsorption from the lumen. 

The electro physiological properties and hormonal responsiveness of some 
of these cell types and coupled compartments has been discussed together 
with other reported findings. The function of each cell type has been 
considered and signatures proposed which could be used to test the veracity 
of cell cultures raised from secretory and reabsorptive segments. It has been 
shown that primary cell cultures raised from these regions retain significant 
differences in hormonal sensitivity appropriate to their progenitors. 
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15 
Cell Culture Systems for the Study of 
Human Skin and Skin Glands 

C. M. LEE 

Cell culture - the maintenance of a population in vitro through at least one 
cycle of division - has a long, somewhat tortuous, history. Although 
successful attempts to grow animal cells in vitro were made as early as the 
beginning of the century (e.g. References I and 2), there were major 
problems with microbial contamination and irreproducibility of experi­
ments, the latter of which arose from the use of undefined natural fluids as 
culture media. Despite these problems, the new technique was extended to a 
variety of cell types via an imaginative range of biological supplements, 
including lymphatic, amniotic and spinal fluids, plasma, serum and various 
tissue and embryo extracts. The minimization of contamination and 
irreproducibility, however, continued to require a vigorous approach, and 
technical progress over the next 35 years was limited to minor refinements 
of very demanding experimental protocols. 

The introduction of antibiotics around 1945 heralded the first major 
advance in cell culture. This was followed shortly afterwards by the 
demonstration that cultures could be used to assay and support growth of 
viruses3• Although the implications for vaccine production immediately 
focused attention on the requirements of cells in vitro, it was not until the 
1960s that any significant progress was made towards eliminating the need 
for natural supplements in culture media, and, 30 years later, there are still 
cell types which cannot be grown under defined conditions. The most 
commonly used supplement in culture media then, as now, is serum, which 
preferentially supports the growth of mesenchymally-derived cells, such as 
fibroblasts, so that standard culture media and techniques were originally 
devised, and subsequently optimized, for fibroblastic cell popUlations. For 
this reason, experiments involving the culture of normal epithelial cells 
were, until the 1980s, largely curtailed by fibroblastic cell overgrowth in 
much the same way that early culture experiments were prematurely 
terminated by microbial overgrowth. Although the potential value of 
epithelial culture systems prompted persistent attempts to develop means of 
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preventing or removing contaminating fibroblasts (Table 15.1 and Figure 
15.1), none of these have proved as successful as the design of epithelia­
specific culture media, which usually contain defined constituents. 

Therefore, the second major advance in the science of normal cell culture, 
the elimination of ill-defined and variable media supplements, is coincident 
with the advent of satisfactory culture systems for the study of epithelia. 

THE CULTURE SYSTEM 

Primary epithelial cultures are initiated by outgrowth from a tissue 
fragment placed onto a suitable surface or by dissociating the cells which 
comprise the tissue and 'seeding' the resulting cell suspension into a culture 
chamber. After growth of the primary culture to an appropriate density in a 
suitable selective medium, the cells may be enzymically or mechanically 
raised from the substrate and reseeded onto a larger culture surface to allow 
further cell proliferation. This procedure is called passage: primary cultures 
having undergone passage are referred to as primary lines. These lines die 
out after a consistent and empirically determined number of passages, which 
is characteristic of the tissue and species, unless a specific genetic event 
occurs to enable their prolonged survival. If such an event does occur, the 
resultant cell lines are referred to as 'established' or 'immortalized', depend­
ing on the optimism of the experimenter. 

METHODS OF PRIMARY EPitHELIAL CELL CULTURE 

The basic laboratory and technical requirements for culture are similar for 
all types of cell, and an excellent manual describing these has been produced 
by Freshne/2• Assuming that the requisite equipment and skills are 
available, the first procedure in a culture protocol is isolation of the tissue. 
Most epithelia form a demarcation between the body cavities and the 
external environment, and such surface tissues are particularly prone to 
contamination. Superficial contamination of many epithelial tissues, parti­
cularly skin, can be reduced by swabbing with alcohol or specific anti­
microbial agents before isolation, and repeated washing with large 
quantities of buffer during tissue processing serves to further dilute the 
concentration of microbes. Subsequent incorporation of antibiotics, such as 
gentomycin, penicillin with streptomycin, amphotericin B or kanamycin, 
into the culture medium is usually sufficient to prevent growth of bacteria, 
fungi and mycoplasma, and eradication of these agents can be confirmed at 
a later stage of the culture by omitting the antibiotics. A less tractable 
problem, and less well recognized as a potential pitfall, is intracellular 
contamination by mycoplasma or viruses. The latter present particularly 
serious problems of detection and usually cannot be eradicated. As a 
consequence, all mammalian cultures need to be handled as if they are 
known to be contaminated with transmissible mammalian viruses. 

Normal epithelial cells, whether in explant culture or seeded from 
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(a) 

(b) 

Figure IS.1 Phase-contrast micrograph of a primary culture from an explanted human sweat 
gland reabsorptive duct in medium containing I % fetal calf serum (Lee et ai., 1986)" Epithelial 
cells (e), initially identified by their classically polygonal morphology, outgrow first; fibroblast­
like cells (f), initially identified by their spindle shape and streamed growth pattern, become 
apparent beyond the epithelial cell sheet approximately 7 to IO days after explantation, and 
thenceforth divide more rapidly than the epithelial popUlation. Figure 15. I a shows the culture 
at 28 days. 

Differences in the degree of epithelial and fibroblastic cell-to-plastic adhesion can be utilised 
to separate the popUlations - Figure 15. I b shows the same area of the primary culture after 
preferential removal of fibroblasts by trypsin treatment. Such differential removal is incom­
plete, necessitating frequent repetition of treatment. 
Bar equals 300 ~m 
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Table 15.1 Methods used to promote epithelial cell growth in potentially mixed primary 
cultures 

Selection of epithelial cells 

Physical and enzymic methods 
Removal of fibroblasts by 
mechanical means 
Collagenase in culture medium 
Differential trypsinization 
Reduced incubation temperature 
(32-33°C) 

Use of biological matrices 
Feeder cell layer 
Pigskin dermis 
Collagen 

Immunological methods 
Antibody v fibroblastic surface marker 
Monoclonal antibody v fibroblasts 

Chemical methods 
Sodium ethylmercurithiosalicylate 
Use of D-valine instead of L-valine (for 

epithelia containing D-amino acid 
oxidase) 

Proline analogue 
Ammonium acetate (10 mmol/ L ') 
Phenobarbitone 
Cholera toxin 
Spermine 
Putrescine 
Reduced Ca2' in culture medium 
EDTA 

Reference 
---- -- -_. ---

Lasfargues and Moore, 1971' 
Owens et al., 1974' 

Jensen and Therkelsen, 1981' 

Rheinwa1d and Green, 1975' 
Freeman et al., 1976' 
Liu and Karasek, 1978' 

Gusterson et al., 1981 10 

Singer et al., 1989" 

Braaten et al., 197412 

Gilbert and Migeon, 1975" 

Kao and Prockop, 1977" 
Berman et al., 1979" 
Fry and Bridges, 1979 16 

Taylor-Papadimitriou el al., 1980 17 

Webber and Chaproniere-Rickenberg, 1980" 
Stoner et al., 1980" 
Ku1esz-Martin et al., 198420 

Singer et al., 1985" 

suspension, require a substrate which will promote cell attachment and 
spreading23 . The use of a permeable, rather than a solid, substrate is 
increasingly favoured since this allows nutrient uptake from the basolateral 
side of the cell sheet and enables measurement of secretions, transepithelial 
fluxes and biophysical phenomena from both apical and basolateral aspects. 

Culture media are designed to contain sufficient nutrients (including 
dissolved gases), hormones and mitogenic factors to support metabolic 
function and cell division, provide an isotonic environment (usually in the 
range 260-320 mOsmol kg'), and maintain a pH of between 7.2 and 7.4. 
Although cells in vivo are known to be in contact with a large number of 
nutrients, growth factors and other potential effectors, the absolute require­
ments for growth and normal differentiation in vivo have not been fully 
defined for any tissue, so it is currently impossible to theoretically devise a 
perfect culture medium. The most practical strategy for setting up a new 
primary culture system is to test media which are known to support the 
proliferation of similar cells and then to introduce variations of these based 
on consideration of the influences known to affect the particular cells in 
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vivo. Barnes et al. 24.25 and Taub26 provide detailed methods for the culture of 
some epithelial cell types and a useful list of references for the culture of 
others. 

PRIMARY CULTURE SYSTEMS IN THE STUDY OF EPITHELIAL 
PHYSIOLOGY 

The most accurate insights into the normal functioning of an epithelium will 
obviously be gained by observation or measurement of the in situ state. 
Where problems of complexity or accessibility preclude such an approach, it 
becomes necessary to consider models further removed from the physio­
logical state but with the virtue of increased simplicity. As such, isolated 
intact epithelial organs, tissues and individual cells have advantages similar 
to those of corresponding non-epithelial models. For isolated cells, these are 
generally considered to be: increased control of environmental parameters, 
greater quantities of experimental material and the rapid production of 
easily interpreted data. However, isolated epithelial cells have the unique 
capacity to reform a polarized cell sheet, which confers on the culture 
system a degree of physiological relevance normally associated with an 
undisturbed tissue, while retaining the simplicity of a cellular system. Where 
such a sheet is made from cells which normally form tubules of narrow 
diameter, such as sweat glands, access to the apical surface in culture may 
permit previously impossible biochemical, immunological and electro­
physiological studies. 

Furthermore, a judicious choice of culture system may permit the 
population development to be manipulated. Many types of epithelial cells in 
culture exhibit an initial proliferative phase, with minimal or no expression 
of differentiated function, followed by a more complete expression of 
differentiated function, which may occur after proliferation has slowed or 
ceased, and it is often possible to specifically tailor conditions at each stage 
of the culture in order to influence the relative duration of these phases. 
Expression of differentiated functions may be induced by stimuli, such as: 
specific hormones; alteration of nutrients in the medium; the attainment of 
confluence (where each epithelial cell is closely apposed to neighbouring 
cells); or passage onto an extracellular matrix or permeable support. Since 
some of the epithelia in the original population are likely to be multipotent 
stem celis, manipUlation of the celilineage, which determines the particular 
differentiated function expressed, may also be possible. Stem cell theory is 
discussed in more detail for colorectal carcinoma cell lines in Chapter 2 by 
Susan Kirkland. 

PRIMARY CULTURE OF HUMAN KERATINOCYTES 

The capacity of the epidermis for self-renewal, both under normal con­
ditions and during wound healing, has long posed intriguing questions 
regarding the regulation of keratinocyte growth. Early attempts to answer 
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some of these questions by developing models for mammalian keratinocyte 
culture did have some success27 . However, the routine growth of human 
keratinocytes in vitro become a feasible proposition only in the mid-1970s 
when Rheinwald and Green developed the now-classic method for their 
culture on a substrate of irradiated 3T3 cells with serum and appropriate 
growth factors in the medium7,28,29. Slightly later, systems which supported 
growth of keratinocytes in defined serum-free media became available30,31 
These formulae and adaptations arising from them, permitted studies on the 
influence of factors, such as substrate, pH and media composition, on 
epidermal cell proliferation for example, References 9, 32-34) and differ­
entiation (reviewed in Reference 35). 

Differentiation of keratinocytes in vivo involves the conversion of 
proliferative stem cells into non-dividing keratin-containing cells which 
eventually die, forming a protective cornified layer. The differentiation 
process is accompanied by an upward migration from the basal lamina, at 
the bottom of the epidermis, through the stratum spinosum and stratum 
granulosum to the stratum corneum, and can be followed by the sequential 
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components of the cornified envelope 42. However, epidermal cells cultured 
on solid substrates tend to proliferate, with incomplete maturation and poor 
formation of the stratum granulosum and stratum corneum 43. Attachment, 
spreading, cell growth and maturation can be improved by use of a collagen 
geI43,44, and normal development can be promoted by use of a mixed culture, 
including fibroblasts45 . As knowledge of the factors influencing differentia­
tion has accumulated it has become possible to consider keratinocyte 
cultures as realistic models for living epidermis 46-49 and cultured eRidermal 
cells can be used to replace skin in the treatment of certain burns 50, I and leg 
ulcers52 .53. Such epidermal cell replacement in wound healing is recognized 
as being more efficient in the presence of dermis or some cultured 'dermal 
equivalent,54. 

PRIMARY CULTURE OF HUMAN ECCRINE SWEAT GLAND EPITHELIA 

The mechanisms and regulation of ion transport across sweat gland 
epithelia are topics of more than inherent interest because of the character­
istic malfunction of sweat glands in cystic fibrosis, the most common lethal 
genetic disease of Caucasian populations. Normal human eccrine sweat 
glands are simple tubular structures composed of two functionally distinct 
segments: a coiled secretory epithelium, which produces an isotonic fluid, 
and a reabsorptive epithelium, which recovers sodium and chloride from the 
sweat before it reaches the skin surface. !n cystic fibrosis, the genetic defect 
is manifest in the secretory segments as an inability to produce fluid in 
response to stimulation by ,l3-adrener~ic agents55 and in the reabsorptive 
segment as a chloride impermeabilit/ which apparently causes an electro­
chemical gradient unfavourable to the normal uptake of either sodium or 
chloride. 

Although intact sweat glands are easily isolated, the difficulties of 
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handling such small organs and of studying ion transport across tubules of 
narrow luminal diameter prompted the development of culture systems 
from normal reabsorptive duct57 and normal and cystic fibrotic reabsorptive 
and secretory epithelia58 61. These culture systems exhibit the cellular 
polarity uni~ue to epithelia and retain the capacity for transepithelial ion 
transport61 -6 . However, cells of secretory origin are capable of expressing a 
reabsorptive phenotype in vitro63 , and it is not clear whether this reflects a 
normal progression from secretory to reabsorptive function in vivo or 
whether an uncommitted population in the secretory coil has the capacity to 
enter either a secretory or a reabsorptive lineage. The second possibility 
offers more potential in terms of culture models since identification of the 
factors controlling stem cell differentiation would allow selection of either a 
secretory or a reabsorptive phenotype. At present, the unclear relationships 
between the different sweat gland cell types in vivo, and the absence of 
specific cell type markers, limits the value of culture systems in elucidating 
transport mechanisms. A further consequence of the lack of cell type 
markers is that comparative analysis of normal and cystic fibrotic popu­
lations64 must be based on the assumption that equivalent populations result 

65 
from the culture of normal and abnormal glands . 

Such difficulties are common to many culture systems. They do not 
invalidate in vitro models, but emphasize the need to relate data from 
culture systems to that obtained in other experimental models. 

PRIMARY CULTURE OF HUMAN SEBACEOUS GLANDS 

Human sebaceous cell culture systems have not, historically speaking, had a 
particularly high profile, since measurement of proliferative activity, cell 
transition times and lipogenesis in sebaceous glands are popularly measured 
by radiolabelling66 and this technique is not thwarted by the integrity of the 
tissue to the same extent as is the measurement of ion transport across the 
narrow tubes of the sweat gland epithelia. In addition, many of the most 
pressing questions regarding sebaceous gland function and malfunction 
have, in the past, related to morphology and functional organization, for 
which the intact gland provides the most useful model. 

Howe~er, sebaceous g~8nds can be. easily isolated from surrounding sk~n 
by a vanety of methods . and can eIther be kept on permeable supports III 
the organ maintenance system described for sweat glands69 or explanted for 
culture. Rosenfield70 grew human sebocytes on a 3T3 feeder layer with 20% 
fetal calf serum in order to study the relationship of sebaceous cell stage to 
growth in culture. In our laboratory, sebaceous gland cells of epithelioid 
morphology outgrow readily from collagenase-treated sebaceous glands 
explanted in serum-free media (Figure IS.2a) developed for the culture of 
sweat glands59, and confluence is rapidly achieved (Figure IS.2b). 

Cultured sebaceous cells are likely to originate mainly from the 
undifferentiated cells around the sebaceous gland acini where there is a 
concentration of mitotic activitl, but will probably also contain cells in the 
early stages of differentiation since these retain proliferative capacity72. With 
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(b) 

Figure 15.2 Primary culture showing (a) initial and (b) confluent outgrowth from an 
explanted human sebaceous gland grown in medium originally devised for primary human 
eccrine sweat glands (Lee and Dessi, 1989/': William's E medium supplemented with penicillin 
(100 iu ml'), streptomycin (100 Jlg ml'), I.-glutamine (2 mmol L '), insulin (10 Jlg ml'), 
transferrin (10 Jlg ml'), hydrocortisone (10 ng ml'), epidermal growth factor (10 ng ml') and 
sodium selenite (lOng ml '), 
Bar equals 300 Jlm 
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Table 15.2 Intermediate filaments present in various cell types 

Origin 

-------- --- ---

All epithelia 
All epithelia 
Mesenchymal cells 
Myogenic cells 
Glial cells and astrocytes 
Most neurons 
Nuclear lamina of all 

eukaryocytes 

Common name 

Acidic cytokeratins 
Neutral-basic cytokeratins 
Vimentin 
Desmin 
Glial fibrilliary acid proteins 
Neurofilaments 
Lamins 

Adapted from Steinert and Roop (1988), Reference 89 

Sequence Size 
type (kDa) 

I 40-60 
II 50-70 
III 53 
III 52 
III 51 
IV 57-150 
V 60-70 

the advent of defined media, culture systems may have an important future 
role in defining the parameters which control sebocyte maturation and in 
screening for new lipogenesis-inhibiting compounds which may have ther­
apeutic potential in diseases such as acne, where overproduction of lipid 
contributes to the pathogenesis. 

EPITHELIAL CELL CHARACTERIZATION 

It is relatively easy to establish the epithelial origin of cells in vivo. 
Morphology is used as a general indication of cell type because different cell 
types have 'classical' appearances in culture. Epithelia grow as polygonal 
cells which become closely apposed to each other in a manner resembling a 
cobblestone pavement (see Figure 15.1a), which is very similar to the 
appearance of a magnified intact epithelial surface. However, morphology 
alone is an inadequate criterion of classification since this may be influenced 
by the culture environment and since some morphological features are 
common to different cell types. Cultured endothelial cells in particular, look 
very similar to epithelia. 

A more precise criterion is the identification of intermediate filaments 
which are present in all cells but which vary in class according to cell type 
(Table 15.2). Intermediate filaments in epithelial cells are made up of 
cytokeratins, a family of closely related proteins, about 20 of which have 
been identified to date. Epithelial cells in culture retain expression of 
cytokeratins and this is not detectable in other cell types using standard 
immunocytochemical techniques. 

It is, in contrast, difficult to identify the particular epithelial lineage to 
which cultured cells belong. Although cultures usually retain certain 
ultrastructural features characteristic of native epithelia, such as 
desmosomal cell-to-cell connections, gap junctions, tight junctions and cell 
polarity (often indicated by the deposition of a basal lamina between the cell 
substrate and the basolateral membrane and the formation of microvilli or 
rudimentary microvillar-like structures on the apical surface), they rarely 
retain other features consistently enough to enable a specific lineage to be 
identified. 
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Different cell types in an intact tissue will express a different range of 
cytokeratin filaments, but identification of individual cell types in culture is 
complicated by the fact that they are cell cycle specific as well as cell type 
specific. A degree of characterization is possible, but, in general, this system 
is too complex to be a reliable means of characterization. 

In the absence of other markers, measuring retention of specific func­
tions, such as ion transport or hormone production, is, in practical terms, 
the best indication of the origin of a cultured population. 

ESTABLISHED CELL LINES AS MODEL SYSTEMS 

The most serious limitation to primary culture of human cells is that there 
remains a frequent need for access to freshly isolated human tissue and, in 
addition, preparation of the tissues for culture may be very labour-intensive. 
These problems can be overcome by the use of established cell lines, which 
offer the further advantage that they are more easily stored in liquid 
nitrogen than the equivalent primary lines, and may also be cloned and 
genetically manipulated. Established lines require careful characterization 
because the effects of selection and adaptation to culture conditions will be 
more pronounced than in primary lines. The most characteristic of these 
effects is alteration of the karyotype after establishment. Aneuploidy seems 
~o be an in~vitable7perhaps even necessary, adjunct to the acquisition of an 
mcreased hfe span -. 

The 'spontaneous' development of established human cell lines in vitro is 
a very rare occurence, even though such lines readily emerge from primary 
cultures of other mammalian species. However, the genetic alterations 
required for the acquisition of an extended life span can be readily induced 
in human cells by physical, chemical or radiation-induced chromosomal 
disruption or by specific expression of inserted DNA sequences. It is well 
known that transforming viruses, such as the RNA-containing retroviruses 
or the DNA-containing papovaviruses, herpesviruses and human adeno­
viruses, are capable of in vitro immortalization of cells which are non­
permissive or semi permissive for viral growth. Where immortalizing genes 
for a particular cell type have been identified, viral vectors can be used to 
incorporate these into the host genome. Alternatively, cloned immortalizing 
genes can be introduced by transfection, microinjection, liposome carriers 
and various means of cell permeabilization. 

The acquisition of immortality may be accompanied by other phenotypic 
alterations, such as the ability (of attachment-dependent cells) to grow in 
soft agar, the loss of high-density inhibition of growth, tumorigenicity etc., 
which are features indicative of a 'fully transformed' state. Transformation, 
both in vivo and in vitro, typically results from multiple genetic events74, one 
of which may be immortalization. This is reflected in culture by cells which 
attain an increased life span without concomitant expression of other 
features of the fully transformed phenotype75- 77 or by those which can be 
transformed but fail to sustain their growth78,79 

With respect to use as physiological models, lines which are immortalized, 
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and which will therefore have an aneuploid karyotype, but retain a normal 
phenotype (at least for the characteristic to be studied), have considerable 
practical application. Such lines are initially selected by cloning after 
infection or transfection and screening the clones for expression of the 
required characteristics. The fact that most established human skin lines are 
currently of fibroblastic origin reflects the previously discussed limitations 
of primary epithelial culture rather than any known difference in the 
propensity of different cell types to become established. 

ESTABLISHED LINES FROM HUMAN EPIDERMAL KERATINOCYTES 

Human epidermal keratinocytes with a greatly extended life-span were 
obtained by Steinberg and Defendi80 after infection of a primary keratino­
cyte culture with the papovavirus SV 40. The proliferation phase of the cells 
was lengthened after virus treatment although the transformants appeared 
to retain the capacity to differentiate even when the usual feeder layer of 
fibroblasts was absent, supporting early evidence8 ! that fibroblasts do not 
directly influence epithelial differentiation. In addition, the clonability of 
the immortalized cells made this an early model for genetic analysis of 
epithelial differentiation. However, later studies showed changes in the 
expression of cytokeratin filaments following keratinocyte immortaliza-
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normal stratification84, indicating that differentiation may be incomplete, at 
least in some established keratinocyte lines. 

ESTABLISHED LINES FROM HUMAN ECCRINE SWEAT GLANDS 

A similar method of immortalization was used to produce the ion­
transporting human sweat gland cell line, NCL-SG385 • The line transports, 
in response to lysylbradykinin and to /3-adrenergic stimuli, in a manner 
similar to that of primary cultures63 • However, unlike primary cultures, the 
cell line showed no response to carbachol, an analogue of the cholinergic 
agonist acetylcholine, at a concentration known to stimulate the phosphati­
dyl-inositol pathway in intact sweat glands. It is not yet clear whether NCL­
SG3 has lost the capacity to respond to carbachol, either as a result of 
extended time in culture or of chromosomal rearrangements consequent to 
immortalization, or whether different cell types present in the intact sweat 
gland respond to different stimuli86 so that the absence of response is a 
function of selection during culture. 

Although viral infection is a simple means of immortalization, the 
resulting cell line may contain complete copies of the viral genome, either 
incorporated into the host DNA or present as episomes., Many SV40-
treated cells, such as NCL-SG3, are virus producers at early passage 
numbers and later cease production; this latter stage can be reached very 
quickly if antiserum against the transforming virus is added to the culture 
medium. However, all virus-immortalized lines remain potential virus 
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producers - some transformed lines may be induced to form infectious virus 
on co-culture with (or fusion to) cells which permit a lytic virus cycle, or 
after mitomycin C, proflavine or hydrogen peroxide treatment87• The use of 
virus mutants which are defective in their origin of replication avoids the 
possibility of virus production and has the added advantage that trans­
formation occurs at a higher efficiency. Several human eccrine sweat gland 
cell lines have now been produced in our laboratory from primary cultures 
of normal and cystic fibrotic origin, using an SV 40 orr / adenovirus hybrid88 

which contains an SV40 early region, with a defective origin of replication 
cloned into an adenovirus vector in place of adenovirus early region one. 

Established sweat gland lines occasionally fail to retain a classically 
epithelial appearance (Figure 15.3). It is not clear whether this is an 
epithelial population exhibiting an atypical morphology as a consequence of 
establishment or whether selection of a fibroblastoid subpopulation orig­
inally present in low numbers has occurred. However, where lines retain 
their epithelial morphology, they also seem to retain the capacity for 
transepithelial ion transport and should therefore prove to be valuable tools 
for studying the mechanisms of sweat secretion in physiological and 
pathological states and useful screening systems for potential modulators of 
ion transport. 

Certain of the sweat gland lines in our laboratory can be induced to 
differentiate morphologically as well as functionally, forming structures 
which imperfectly mimic epithelial tubules (Figure 15.4). If the stimuli for 
formation of these in vitro structures are similar to in vitro inducers of 
tubule formation, these lines may additionally prove useful in the study of 
epithelial differentiation. 

In conclusion, the recent development of low-serum and serum-free 
culture systems for the growth of human skin and skin gland epithelia has 
permitted the study, at an increasingly rapid rate, of factors influencing cell 
growth, differentiation pathways and the expression of differentiated 
functions. The screening of pharmacological compounds for the capacity to 
modulate expression of differentiated functions has recently become sim­
pler, both because of the advent of more sophisticated culture systems and 
the availability of appropriate immortal cell lines. Finally, the last few years 
have seen the first direct clinical applications for cultured cells, in the 
replacement of damaged epidermis. The practical importance of such skin 
grafting has yet to be established but it seems likely that these experiments 
herald attempts to treat other types of damage or deficiency by means of cell 
replacement. If so, we are likely to see even more rapid advances in cell 
culture in the next few years. 

Figure 15.3 Cell lines established from primary cultures of human eccrine sweat gland 
epithelia. (a) Cell line, NCL-SG6 has retained the epithelial appearance of the parent culture, 
with closely opposed polygonal cells, whereas (b) cell line NCL-SG 13, demonstrates a more 
elongated morphology with less contact between adjacent cells. (c) Cell line NCL-SG5 has a 
fibroblast-like morphology with bipolar cells forming parallel arrays as the culture approaches 
confluence. 
Bar equals 300 ~m 
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(b) 

Figure 15.4 Tubule formation by established lines from human eccrine sweat gland epithelia. 
(a) Phase-contrast micrograph of NCL-SG5 cells forming a tubule-like network and (b) a 
toluidine-blue-stained cross-section through a similar tubule formed by cells of line NCL-SG3. 
Bar equals 300 ).lm 
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secretion 239,241-2 

fetal pancreatic ducts 
cell biochemical characteristics 104-9 
cell morphology 103-4, 105 
cell types 101 
culture media and substrates 101-3 
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intact tracheal/bronchial epithelia 223 
intestinal, hormone effects 153 
renal epithelia 121-44 



INDEX 

types 121 
isolated pancreatic ducts 

apical chloride conductance 85, 87-9, 
90-3 

basolateral potassium conductance 84-5 
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sodium absorption 

CF respiratory epithelia 275~6 
model, airway epithelium 257 

sodium, apical channels 
renal cortex collecting tubule 140-1 
renal proximal tubule 125~6 

sodium channels, cultured airways 
cells 265, 269~ 70 

submandibular glands 308 
submucosal glands, airways 196~ 7, 209~ 10, 

308 
sugars, gut epithelial transport 5 
sweat glands, see apocrine sweat glands, 

eccrine sweat glands 

T84 cells 52, 53 

chloride channels 56 
DIDS-binding protein 156 
high resistance monolayers 22~3 

ion uptake, VIP effects 159 
messenger system synergism 57 

taurocholate, gastric epithelial damage 14, 
18 

terbutaline 
fetal alveolar cyst PD effects 241~2, 243 
pulmonary epithelial Na flow 243 

thapsigargin, LBK inhibition 57 
thyroidectomy, fetal pulmonary fluid 

absorption 235 
trachea, neonatal, ion transport 236~8 
tracheal epithelia 

cultured cells 
form/function 224 
ion transport 223~5 

ion transport 223 
pseudostratified monolayers 237 
transport conductances 224, 225 

transepithelial ion transport, 
airways 221~32 

transport proteins, epithelial, 
renaljintestinal 156-7 

triglycerides, sebum 296 
trypsin, airway chloride channel 

activation 274 

Unitarian hypothesis, colorectal 
differentiated cells 38, 40 

urinary acidification, VIP role 186 

vasopressin (ADH) receptors, renal cell 
lines 153 

VIP 
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anion secretion effects 177, 178, 179 
cholinergic nerve 186 
colonic epithelial cell monolayer 

SCC 54,55 
cortical plasma membrane binding 180~2 
epithelial transport regulation 159~60 
glomerular adenylate cyclase 

stimulation 182~4 
immunoreactivity in CF 211 
MDCK cell, adenylate cyclase 

effects 174~6 

MDCK strain I cells, physiological 
correlates 176~9 

mucus secretion inhibition 211 
natriuretic / kaliuretic effects 186~ 7 
pancreatic cAMP level effects 73, 76 
proton secretion regulation 186 
receptors, colonic cell lines 153 
renal adenylate cyclase effects, species 

variation 185 
and renal epithelial function 179~80 
renal immunoreactivity 184~5 



VIP (continued) 
renal nerve 184-6 
renal physiological role 185-7 
and urinary acidification 186 

EPITHELIA 
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zonulae adherens, respiratory epithelial 
cells 206, 207 

zonulae occ1udens 255 
respiratory epithelial cells 206, 207 
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