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Cystic fibrosis (CF) is the most common serious inherited disease among 

Caucasians. About 1 in 20 carries the defective gene which results in a disease 

frequency of 1 in 2,000 live births. Despite considerable progress in the 

treatment of these patients, CF is almost universally fatal with most patients 

dying in their second or third decade of life. 

Many hypotheses about possible cellular defects in CF have been proposed 

and actively pursued by numerous investigators but the defect(s) remained an 

enigma. 

It is only within the past decade that the barriers surrounding CF appear 

to have given in to the ongoing attack by investigators. Indeed, there has been 

remarkable progress in two areas of research which have focused on the molecular 

biology of CF and the electrolyte transport processes in CF affected epithelia. 

The investigative efforts of molecular biologists culmi nated with the isolation 

and cloning of the CF gene published within the past month. Similarly , 

transport physiologists have convincingly demonstrated that the cellular defect 

in CF is abnormal regulation of chloride channels. Thus, the enigma of CF is 

being rapidly unraveled. It is the purpose of these grand rounds to review some 

of these exciting developments in molecular biology and airway transport 

physiology which have led to a better understanding of the pathophysiology of 

cystic fibrosis. 

Historical perspective 

The mutation of the gene causing CF probably occurred many centuries ago 

after rac ia l divergence. CF is very rare among orientals and blacks. It is 

claimed in the old folklore literature that midwives would lick the newborn 

babies and if they tasted salty the prognosis for survival was poor. 

Surprisingly, CF was not defined as a disease entity until the late 1930s. The 

later defined hallmarks of the disease, recurrent pulmonary infections and fat 
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malabsorption, were thought to be merely coincidental and unrelated. Pancreatic 

function tests were not developed yet and children with fat malabsorption were 

thought to suffer from celiac disease. CF was defined as a separate disease by 

Fanconi in Europe (1) and by Andersen in this country (2). The two landmark 

papers were published a few years apart but Andersen is now given credit for 

having defined the disease as a distinct entity. It is worth noting that the 

impetus to her study came from an autopsy she performed on an infant who died 

from fulminant pulmonary infection. On histological examination of the pancreas 

she observed that the normal architecture was destroyed and that the acini were 

replaced by cysts separated by bands of fibrous tissue -- hence, the name cystic 

fibrosis of the pancreas which she originally proposed. She was able to collect 

an additional 19 cases from the pathology records of Babies Hospital at Columbia 

and another 29 cases from the 1 i terature. A 11 49 cases had severe, acute and 

chronic bronchitis with bronchiectases and the characteristic morphological 

changes of the pancreas. Finally, Andersen speculated that a common denominator 

-- abnormal mucus -- may account for both recurrent pulmonary infections and 

destruction of pancreatic exocrine function. Thus, the observations of an 

astute pathologist led to the delineation of a disease entity not previously 

recognized and I think it is well deserved that Dr. Andersen is given credit for 

the original description of CF. 

It was another seminal observation by Andersen that led to the introduction 

of an important diagnostic test of CF: the sweat test. In 1951 Kessler and 

Andersen described 10 cases of heat prostation in children during a hot August 

in New York in 1948 (3). Five of the 10 children had CF and the authors pointed 

out that children with CF are prone to respond adversely to heat. This 

intriguing observation spurred another group of investigators headed by 

Di Sant,Agnese at Columbia to examine sweat composition in a large group of CF 
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Fig . 1 

pat i ents and in normal controls (4). The mean chloride and sodium concentra-

tions in the sweat from CF patients were 106 and 133 meq/1, respectively, and 32 

and 59 meq/1 in controls (Fig. 1). Both chloride and sodium concentrations were 

significantly higher in CF patients than in controls. The authors claimed that 

the sweat test had already proved its value in the differential diagnosis of CF 

and they speculated that abnormally high electrolyte concentrations in the sweat 

may be pathognomonic of CF. Since then the sweat test has been refined but it 

remains the most important test in establishing the diagnosis of CF. There has 

been important clinical advances in the treatment of CF over the years. Better 

diagnost i c tests have been developed to estimate the degree of pancreatic 

insufficiency. Replacement treatment with pancreatic enzymes has largely 

reduced this problem to a minor component of the disease process. It is still 

the pulmonary component of CF that is of major concern. Recurrent pulmonary 

infections with pseudomonas remain a continued danger for these patients despite 

the development of new anti bi oti cs, treatment with muco 1 yt i c enzymes and 1 ung 

physiotherapy. The majority of these patients (95%) develop progressive 

pulmonary insufficiency and ultimately die from pulmonary failure. 
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In the period from 1960 up to 1980 a number of hypotheses regarding the 

etiology of CF were proposed: abnormal mucus production; a putative factor in 

sweat that inhibited sodium and chloride reabsorption and an abnormal serum 

protein that inhibited ciliary motility (5,6,7). These hypotheses were pursued 

by many investigators but in general the efforts proved fruitless and a unifying 

hypothesis of the cellular mechanisms of CF remained elusive. In 1980 De Sant' 

Agnese reviewed the investigative efforts in CF and £oncluded that the work done 

so far gave no clear direction for future research and he ended his review by 

asking: "Quo vadis?" (8). More importantly he also stressed the need to attack 

the fundamental problems of CF with new techniques and new approaches. This is 

exactly wh at has happened in the past decade and there has been impress i ve 

advances in the fields of molecular biology and in transport physiology of 

respiratory epithelia. 

The search for the gene 

Soon after Andersen's original description of CF it became apparent that 

more than one of the children in a CF family may suffer from the disease. The 

f i rst paper on the genetics of CF was again pub 1 i shed by Andersen ( 9). She 

identified 31 informative families (entry criteria: CF proved in one child; 

single child families excluded) and looked for the presence of CF in the 

siblings. She found that CF was equally distributed between the sexes with an 

incidence of about 22% which was consistent with an autosomal recessive 

inheritance. This conclusion has been confirmed in several later studies of the 

inheritance of CF (10). A large study of 624 Italian families having one or 

more chi l dren with CF was recently published (11). In this study the authors 

estimated the degree of consanguinity among CF families (first and second cousin 

marriages) against the degree of consanguineous marriages in the general 

population. An increase in first cousin marriages in affected families over 

that observed in the general population is expected for rare autosomal recessive 
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disorders. From these estimates it was possible to calculate the incidence of 

CF in Italy (1:2,000) and to rule out genetic heterogeneity of CF, i.e., the 

data were compatible with a mutation of a single gene. Finally, segregation 

analysis of the 624 CF families gave a segregation ratio of 0.252 consistent 

with recessive transmission. 

Since the defective gene was still unknown several investigators started to 

look for markers that may be linked to CF.Linkage analysis correlate the inheri

tance of certain markers with the inheritance of a specific disease (see 

references 12-17 for review). If the marker and the defective gene are 

physically close on the same chromosome then both the marker and the defective 

gene will be inherited in a similar pattern ( cosegregate) and the markers and 

the disease gene are said to be linked. Homologous chromosomes recombine 

(cross-over) in meiosis during chromosomal duplication. The likelihood that a 

marker and gene may become separated during meiosis increases with the physical 

distance between the marker and the gene (Fig. 2). Geneticists usually express 

the degree of linkage as the LOD score (LOD- logarithm of the odds ratio). For 

example, if the likelihood ratio of one model is 1,000:1 over another model - or 

the odds for the first model is 1,000-fold greater than the odds for another -

then the LOD score is 3 (log 10 of 1,000). A LOD score of > 3 is considered proof 

of linkage whereas a score between 2 and 3 is considered suggestive of linkage. 
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Fig. 2 Recombination between homologous chromosomes (Ref. 17) 
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Before the era of molecular biology only a few markers were available such 

as blood groups antigens, HLA antigens and certain polymorphic serum enzymes. 

None of these markers proved to be linked to CF in a study from the UK in 1976 

(lB). The number of DNA markers of the human genome increased tremendously with 

the use of restriction enzymes. The strategy takes advantage of the fact that 

there is a difference in sequence between homologous chromosomes at every 200 to 

500 base pairs. Restriction enzymes recognize specific, short sequences of DNA 

(4 to B nucleotides) and cut DNA between specific bases to segments of a length 

determined by the distance between restriction sites. A variation in sequence 

between homologous chromosomes may generate or eliminate a restriction site and 

and give rise to DNA fragments of different length, i.e., restriction fragment 

length polymorphism or RFLP. 

Full-1 ength genomic DNA is about 3 bi 11 ion base pairs 1 ong and treatment 

with a particular restriction enzyme will generate millions of fragments. The 

problem is to find the one or two variant fragments of interest. The fragments 

are first sorted according to length by gel electrophoresis and then exposed to 

a radioactive labeled probe of DNA that is complementary to a DNA sequence near 

the restriction site. If the probe hybridize to fragments of different length 

on b 1 ots of DNA from different i ndi vi dua 1 s, then the probe has detected the 

variable cutting pattern that results from a DNA polymorphism. Thus, the probe 

and the RFLP that it detects constitute a genetic marker system. The 

inheritance pattern of the RFLP can be traced in families with specific genetic 

diseases. The DNA fragment defined by the RFLP is found in its variant forms in 

every individual whether healthy or suffering from an inherited disease. 

However, if a genetic disease is passed down in a family together with a 

particular allele of the RFLP then one may assume that the mutant gene and the 

marker are located within a certain region on the same chromosome. Thus, the 
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RFLP can serve as a marker for the disease. The physical distance between the 

defective gene and the marker can be estimated by the recombination frequency 

which is determined by linkage studies in many families with a specific 

inherited disease. For example, a recombination frequency of 5% indicates that 

the alleles at the two loci will recombine in 5% and cosegregate in 95% of the 

gametes. Furthermore, the recombination frequency can be used to estimate the 

distance between the marker and the gene. A recombination frequency of 5% 

corresponds to a distance of about 5 million base pairs. 

The advent of RFLPs as disease markers has been an i nva 1 uab 1 e too 1 in 

genetic research. Linkage analysis with RFLP was crucial in determining the 

chromosoma 1 1 oca ti on of the genes causing Duchenne' s museu 1 a r dystrophy and 

Huntington's disease which in turn spurred investigators to attack CF. Still 

the task facing these investigators was formidable. The chromosomal location of 

the defective gene was not known and likewise knowledge about the function of 

the abnormal gene product was minimal. The question was where to start the 

search among the 22 autosomes. The group at the University of Toronto, headed 

by Lap-Chee Tsui, started the search in 1985 with a trial-and-error approach and 

used 39 RFLP markers in a pane 1 of 45 Canadian families with one or more CF 

children. The linkage analysis showed that none of these markers were linked to 

CF (LOD score < 1) (19). With today's hindsight, these results are not 

surprising because none of the RFLP were markers of chromosome 7. The first 

report that showed linkage between a marker and CF was published a few months 

later by a Danish group in collaboration with Bob Williamson, St. Mary's 

Hospital, London (20). These investigators found that an obscure polymorphic 

se rum enzyme, paraoxonase, was linked to CF (LOD score: 2.7). The chromosomal 

assignment of paraoxonase was, however, unknown and, therefore, did not narrow 

down the area to be searched. In the meantime, Tsui had received more than 200 
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RFLPs from Collaborative Research (Helen Donis Keller) ·to be tested for linkage 

with CF . This time Tsui et al. struck gold almost immediately. Among the first 

10 RFLPs tested in CF families they found one (DOCRI-917) which was closely 

linked with CF (LOO score 3.95) at a recombinant fraction of 0.15 (21). These 

exciting results were first reported at the American Society of Human Genetics 

meeting in October 1985. The investigators did not disclose the chromosomal 

localization but it was rumored during the meeting that the RFLP was on 

chromosome 7. Two investigators, Ray White from Salt Lake City and Bob 

Williamson from London, rushed home from this meeting and immediately started to 

search for ot her RFLPs on chromosome 7 and used these for linkage analysis in CF 

families. Both White's and Williamson's groups had instant success. On 

November 28, 1985 three papers were pub 1 i shed in Nature - back-to-back -- by 

Tsui et al., White et al. and Wainwright et al. (from Williamson's group) 

localizing the CF locus to chromosome 7 with different RFLP markers: DOCRI-917 

(Tsui); met (White) and J3.11 (Williamson) (22,23,24). The markers met and 

J3 . 11 were much closer 1 inked to the CF 1 ocus ( LOO scores 8. 65 and 5. 24, 

respectively) at a recombinant fraction of zero. The physical distance between 

the markers and the CF locus was estimated to be several million base pairs. 

Met and J3.11 mark to the middle one-third of the long arm of chromosome 7 in 

the area q21 to q31. Thus, in the matter of six months the search for the gene 

had gone from negative results to a precise chromosomal localization of the CF 

locus. 

It was not known how these two markers were placed with respect to the CF 

locus and to answer this question a large collaborative study was initiated 

which involved seven centers and a total of 211 CF families (25). The results 

of this study using three locus analysis was most consistent with the order: 

met-CF-J3.11- i.e., the two RFLPs flanked the CF locus as shown in Fig. 3 and 
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the search could be narrowed to the stretch of DNA between the markers. The 

task of finding the gene within this region was still enormous. It was 

estimated by genetic analysis that the distance between met and J3.11 was about 

2 to 3 million base pairs. The groups in Toronto and London both set out to 

identify additional DNA markers in the interval between met and J3.11. 

Initially, it appeared that Williamson's group had been successful. They used a 

novel strategy to search for so-called HFT islands (Hpaii tiny fragments) which 

are sequences of DNA rich in the non-methylated dinucleotide CpG which often 

precede genes and may contain the first exons. Thus, these HTF islands can be 

used as a signal for a coding sequence. Using this approach they found two 

probes (CS.7, XV-2c) which marked a sequence of DNA with a HTF island that was 

about 700 kilobases downstream from the met locus (Fig. 4). The two probes were 

met 

I 
XV2C 

I 
CS.7 

I 
-700kb-.. 

CS.7 : Candidate CF Gene? (Williamson) 

Fig. 4 

J 3.11 
I 

found to be even closer linked to the CF locus than any other marker and genetic 

analysis suggested that the probes mapped to within 10 kb of CF. Furthermore, 

the DNA sequence marked with the probes was conserved in a number species. 

Williamson, in fact, thought that he had found the CF gene but he cautiously 
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called it a "candidate" gene when these results were published in April 1987 

(26). His hopes were crushed, however, when it turned out that the gene in this 

region encodes a protein related to the mouse i nt 1 oncogene and the locus was 

named IRP for int-related protein. At this point Ray White had dropped out of 

the race but the field, now essentially limited to Tsui and Williamson, was 

joined by a new competitor, Francis Collins, at the University of Michigan. 

Collins had i ntroduced a new technique, chromosome jumping, by which a larger 

distance ( > 100 kb) could be covered in a single step as opposed to the much 

more laborious chromosome walking technique, which only covers short stretches 

(27-30). Using chromosome jump i ng Collins had identified a new marker (CF 63) 

which was about 100 kb downstream f rom t he met locus (31) . In 1988 both Collins 

and Williamson took advantage of a new technique, pulsed-field gel electro-

phoresis, to construct a more precise map of the area of interest on chromosome 

7. The technique makes it possible to separate very large DNA fragments (up to 

10,000 kb) and then perform hybri di zati on with known probes, which in turn 

allows construction of long-range physical maps of DNA sequences. Collins used 

the probes met, CF63 and J3 . 11 (32). Williamson used five probes: met, C2/5, 

XV-2c, CS.7 and J3.11 (33). Importantly, both groups came up with identical 

maps in terms of physical distance between met and J3.11 as shown in Fig. 5. 

1988 

met CS.7 J 3.11 
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Fig. 5 
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According to Collins the distance between met and J3 . 11 is between 1,300 and 

1,800 kb apart . In Williamson's map the distance between met and J3.11 is 1,250 

to 1,500 kb and the distance between CS.7 and J3.11 about 900 kb . Both groups 

knew that the CF gene is between met and J3 .11; the question was sti 11 where 

over the span of about 1.5 million base pairs? There was general agreement that 

further probes from within this region were needed to narrow down the search. 

In the meantime, Tsui 's group was aggressively pursuing this approach in an 

effort to isolate additional DNA markers from the 7q31-q32 region. The basic 

strategy was to use chromosome 7 specific l i braries from human/mouse and 

hamster/human somatic cell hybrids and to isolate as many markers as possible 

from the q31 region and then identify those closest to CF by genetic (l i nkage 

analys i s) and physical methods (pulse-field gel electrophoresis ) . In 1988, they 

had i solated 258 markers on chromosome 7 of which 53 were located in the q31-32 

region. Two of the markers (07S122/D7S340) were more closely linked to CF than 

either met or J3.11 (34). The precise location of the markers between met and 

J3 . 11 was not known but later shown to be between met and CS.7 (35,36,37). In 

1988 Tsui and Collins joined their forces and began the final attack. 

Ident i f i cat i on of the cystic fibrosis gene 

The collaborative efforts of the groups led by Tsui 

respectively, proved to be successful in identifyi ng the CF gene . 

of these efforts were recently published in three articles 

(38,39,40). 

and Co 11 ins, 

The results 

in Science 

When Tsui and Collins joined forces the area of interest on chromosome 7 

had been narrowed down to a segment between met and J3.11 (0758) and most likely 

between IRP (CS.7) and J3.11 (Fig. 6). 
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Fig. 6 

The starting point for the search was the two close markers (075122 and 075340), 

previously isolated by Tsui (34}, and the strategy was to clone surrounding DNA 

in the direction of J3.11. A region of 280 kb was characterized by chromosome 

walking and jumping which involved the isolation and characterization of 49 

walking clones and 9 jumping clones as shown in Fig. 7. 
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Fig. 7 

The straight lines in the figure are the walking clones and the curved 

arrows show the jumping clones. Each probe was further characterized by showing 

hybridization to chromosome 7, by pulsed field gel electrophoresis and by 

comparison of the restriction map of the probes with that of genomic DNA in 

order to generate a restriction map colinear with genomic DNA. This approach 

which represents a tremendous amount of work all owed the construction of a 

complete restriction map of a region spanning 280 kb. 

The search for candidate gene sequences within this region was accomplished 

with several different techniques. The most straightforward was to identify 

conserved sequences in different species with cross hybridization with selected 
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probes. Four regions were examined as indicated in the figure by the triangles . 

The first three could be discarded as candidate genes for different reasons. 

The fourth region , detected with probes E4. 3 and Hl. 6, showed strong sequence 

conservation between human and bovine DNA. However, when these probes were used 

to detect mRNA in tissues, which would indicate that the gene is expressed, no 

hybridization was observed . Using H1.6 as a probe several eDNA libraries were 

screened and ultimately a single clone (10-1) was found in a eDNA library 

constructed from sweat gland cells. Both H1.6 and 10-1 (920 bp) were sequenced 

and only 113 bp aligned with sequences in H1.6 which explained the initial 

failure to detect hybridization with mRNA in tissues. Furthermore, sequence 

analys i s of H1.6 revealed undermethylated CpG i slands which are commonly found 

at the 5' ends of most genes. Further cloning experiments and genetic analysis 

sugges t ed that H1.6 corresponded to the 5' end of t he gene responsible for CF. 

Cloning of the CF gene 

John Riordan at the University of Toronto, in collaboration with Tsui and 

Collins , was responsible for cloning of the gene. Riordan had generated several 

eDNA libraries from tissues where CF is expressed (sweat glands, lungs and 

pane reas) and the clone 10-1 was detected in one of his eDNA libraries from 

sweat glands. This clone hybridizes to a 6.5 kb mRNA transcript and therefore 

further screening of eDNA libraries was required to clone the remainder of the 

coding region. By successive screening a total of 18 clones were isolated as 

shown in Fig. 8. None of the clones corresponded to the full length of the 

transcript but a consensus sequence could be derived from the overlapping 

regions of the clones. The transcript spans about 6.1 kb. The open reading 

frame encodes a protein of 1480 amino acids. The clones were further used to 

isolate genomic DNA sequences in hybridization experiments and to define the 

exons and exon-intron boundaries by sequence analysis. A total of 24 exons were 
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identified. The gene locus spanned about 250 kb of which only 6.1 kb is 

transcribed into mRNA. 

The clone 10-1 hybridized to a - 6.5 kb mRNA in lungs, sweat glands, 

pancreas, liver and col on but signals were not detected in brain or adrenal 

gland. The signals were of the same intensity in tissues from CF patients and 

normal controls which suggests that the CF mutation is a discrete nucleotide 

change. 

A mutational change was detected when the sequence of two clones, C16-1 and 

C1-1/5 (see Fig. 8), derived from a CF sweat gland library, was compared to 

clones from normal controls. A 3 bp deletion was found in both CF clones at 

position 508 in exon 10. The codon encodes for a phenylalanine residue. 

Sequence- specific oligonucleotides were prepared from this region and used to 

screen CF patients and controls. The deletion was found in 68% of CF patients 

but in none of the controls (n-198). 

The predicted protein structure was derived from sequence analysis of the 

overlapping cONA clones (Fi g . 8). The gene product corresponds to a polypeptide 

with a MW of 168.138 daltons. The protein has two repeated motifs, each of 

which consists of 6 hydrophobic regions spanning the cell membrane and a 

hydrophilic, cytoplasmatic region containing ATP binding sites (Fig. 9). The 

two halves of the protein are linked by another hydrophilic, cytoplasmatic 

region (R domain) with binding sites for protein kinase A and C. The CF 
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deletion observed in 68% of patients is in the first ATP binding region. The 

authors have named the putative gene product the CF transmembrane conductance 

regulator (CFTR). 

The protein structure shares severa 1 simi 1 ariti es with other membrane

spanning transport proteins. At present, it is not known whether the protein is 

indeed a ch 1 ori de channe 1 or a regula tory protein contra 11 i ng the activity of 

chloride channels. 

Genetic analysis 

The probes derived from chromosome walking and jumping and from the cloning 

experiments were used concurrently for genetic analysis and to narrow down the 

search for the gene. A total of 23 markers were analyzed and used to identify 

RFLPs in CF families and controls. The degree of association between DNA 

markers and the CF locus (allelic association) was determined and the strongest 

association coefficients were found in a 300 kb sequence which prompted the 

search for the gene in this interval. 

The 3 bp deletion is the major mutation causing CF (68% of CF patients). 

Analysis of extended haplotypes of CF families and controls generated from the 

RFLPs suggests that at least seven additional mutations contribute to the CF 

phenotype. These mutations have so far not been identified at the mo 1 ecul ar 

level. 
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A majority (85%) of CF patients have exocrine pancreatic insufficiency, 

while the remaining 15% have sufficient pancreatic function which suggests that 

these two subgroups have different mutant alleles. Genetic analysis of CF 

patients from these two groups suggests that pancreatic insufficiency is due to 

the presence of two severe alleles and pancreatic sufficiency is associated with 

a single severe or two mild alleles. Of 7 patients with pancreatic sufficiency, 

5 had a single copy of the 3 bp de 1 eti on and 5 different hap 1 otypes were 

assigned to the other chromosome {predicted mild alleles). The other 2 patients 

had predicted mild alleles on both chromosomes. 

Finally, the availability of markers for the most corrunon mutation in CF 

means that genetic analysis {prenatal or carrier detection) will become more 

accurate. The additional CF mutations need to be defined at the DNA level to 

ensure that all carriers and CF patients can be identified. 

The cellular defect 

The basic cellular defect of CF was unknown at the beginning of this 

decade. It was still questioned whether the various pathophysiological 

consequences of CF could be explained by a single defect in cellular function. 

Di Sant' Agnese correctly indicated that the cellular transport functions of 

sweat glands and airway epithelia should be the focus of research and implored 

that investigators would initiate these studies in control subjects and in 

patients with cystic fibrosis (8). Many investigators followed his advice and 

the transport functions of normal sweat glands and airway epithelia have been 

well characterized as well as the abnormal electrolyte transport in CF tissues. 

It is now believed that the defect is present in all cells and accounts for the 

pathophysiology of CF. 
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Sweat glands 

Sweat glands consist of secretory coi 1 and a duct that opens onto the 

surface of the skin . Sweat produced in the secretory coil is an isotonic 

solution of mainly sodium and chloride. Sodium and chloride are reabsorbed 

during transport through the duct and secreted sweat is a hypotonic solution 

(average sodium and chloride concentrations: 20 to 30 meq/1). Despite the fact 

that abnormal sweat electrolytes were a diagnostic cri terion for CF, it took 

thirty years before an investigator attacked this problem. In 1983 Quinton 

isolated sweat ducts from normals and CF patients and measured electrical 

potential differences (PO) across the epithel i um during microperfusion with 

isotonic NaC1 and with ionic substitutions as shown in Table 1 (41) . 

Controls 
(n=7J 

C.F. 
(n=5) 

POTENTIAL DIFFERENCES IN 
PERFUSED SWEAT DUCTS 

150 mM NaCI 50mM NaCI 75 mM Na 2S04 

mv 

-6.8 -24.2 -75.5 

-76.9 -47.6 -33.3 

Table 1 
Quinton, 1983 

The most striking observation was that the PO was about 10-fold higher in CF 

than in control ducts during control perfusion with isot on i c NaCl. In control 

ducts the PO increased to -24.2 mV when the luminal solution was 50 mM NaCl and 

increased to -75.5 mV with 75 mM Na
2
S0

4 
(SO~- impermeable) which is almost 

i dent i ca 1 to the PO in CF during contra 1 perfusion. The results were most 

compatible by a difference in anion permeability with chlor i de being almost 

impermeable in CF sweat ducts. The differences in PO corresponds to an almost 

10-fo 1 d difference between ch 1 ori de permeabi 1 i ty of contra 1 and CF ducts ( 42). 

The increased negative PO in CF as compared to controls could also be 
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interpreted as due to increased active sodium transport as was argued by another 

group of investigators who found similar PO differences in nasal mucosal 

membranes between controls and CF patients ( 43). As it turned out Quinton's 

interpretation was correct. Thus, this rather simple experiment conducted in 

the appropriate tissue must be considered a breakthrough in elucidating possible 

cellular defects in electrolyte transport in CF epithelia. 

Quinton fo 11 owed up on these observations with a more elaborate 

electrophysiological study of normal and CF sweat ducts (44). From the data it 

was poss i ble to calculate the specific conductances (G) for Cl-, Na+ and unknown 

Cl, Na, and residual conductances 
in control and cystic fibrosis sweat ducts 

Control Cy•tic Fibro•is 

G"' 110 6 
GN. 5 7 
G, 10 8 

Table 2 

ion(s) (X) as shown in Table 2. The normal sweat duct epithelium has a high 

electrical conductance which is mostly due to chloride conductance which 

accounts for about 90% of total conductance. Chloride conductance in CF duct is 

20-fold less than controls . The conductance of sodium and unknown ions is 

similar in both tissue. An almost identical study was performed by German 

investigators and their results and conclusions were similar (45). Thus , these 

three studies conclusively demonstrated that chloride permeability was 

significantly reduced in sweat duct epithelium from CF patients and that the 

defect presumably resided in the apical membrane. furthermore, they speculated 

that chloride impermeability may represent a generalized defect in epithelial 

transport in CF. 
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Sweat secretion is controlled by adrenergic and cholinergic innervation. 

Cholinergic stimulation results in higher secretory rates than adrenergic 

stimulation in normal sweat glands. In 1984 Sato and Sato made the fortuitous 

observation that sweat glands from CF patients failed to respond to adrenergic 

stimulation (46). The response to cholinergic stimulation was normal . 

Furthermore, the accumulation of cAMP in secretory coils from CF pat ients and 

controls was identical which indicates that agonist-receptor interaction was 

preserved in CF. Thus, these observations suggested a defect in the regulation 

of cAMP induced secretion. 

The discovery of two defects in sweat glands from CF patients, decreased 

chloride permeability of sweat ducts and absent adrenergic response in sweat 

coils , was clearly important and served as an 1mpetus to characterize epithelial 

transport processes in other tis sues from CF patients. In addition, these 

observations serve to explain the high chloride and sodium concentrations in the 

sweat from CF patients. Because chloride is largely impermeable in the ducts it 

cannot follow active sodium absorption; net absorption is blocked and the 

concentration of NaCl increases. 

Airway epithelia 

Electrolyte transport in airway epithelia was an uncharted area of research 

for many years. Pulmonary physiologists were more interested in gas exchanges 

and ignored possible implications of altered transport processes in airway 

epithelia in bronchial or upper airway diseases. The first studies of 

electrolyte transport in these tissues appeared in the late seventies. The 

studies were initiated in animal tissues and later followed by human studies. 

The human studies were facilitated by the use of nasal polyps from atop ic and CF 

patients and lately by the use of tissue culture techniques utilizing primary 

cultures of nasal or tracheal epithelium (47-55). Consequently, the 
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electrophysiological and electrolyte transport properties have been 

characterized in greater detail in airway epithelia than in sweat glands (56) . 

Airway epithelia have three main cell types: columnar cells, goblet cells and 

basal cells. The columnar cells have both cilia and microvilli on the apical 

surface as shown in Fig. 10. 

AIRWAY 

Fig. 10 

Mucus 

EPITHELIAL 

CELLS 

MUCUS SECRETING 

SuewucOSAL GLAND 

The basal cells are thought to be germinal cells. The epithelium is covered by 

two fluid layers: a periciliary and a mucus layer. Mucus is produced by the 

submucosal glands and the goblet cells. Cilia can beat freely in the 

periciliary layer and propel mucus out of the airways. The mucociliary 

clearance serves an important function by trapping inhaled particles and clear 

them away from the airways. Mucociliary clearance is an important defense 

mechanism against infections and also serves to prevent airway obstruction. A 

normal clearance mechanism is critically dependent on an adequate thickness of 

periciliary fluid which in turn depends on electrolyte and fluid secretion by 

the columnar epithelial cells. The exact relationship between mucociliary 

clearance and fluid secretion has not been established. 
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. <7e!l~lar model of ion trarupon in canine uacheaJ epithelium . 

Fig. 11 

The current model of electrolyte transport across airway epithelia is shown 

in Fig. 11. The model is based on a number of electrophysiological studies in 

animal and human tissues utilizing ionic substitutions, transport inhibitors and 

various secretagogues. Although there is some species variation the following 

conclusions apply to a general model. In the baseline state there is a net 

secretory Cl--flux from submucosa to mucosa and a net absorptive Na +flux from 

mucosa to submucosa. In canine trachea the rate of chloride secretion is 2- to 

4-fold larger than sodium absorption. The energy to drive chloride secretion 

and sodium absorption is provided by the Na!K+-ATP-ase in the basolateral 

membrane that pumps sodium out and potassium into the cell. Cl enters the cell 

across the baso 1 atera 1 membrane coupled with Na + and K+ vi a the Na +, K+, 2 

Cl transporter. Sodium ions enter down a favorable electrochemical gradient and 

in turn drive chloride in against its electrochemical gradient. Chloride ions 

thus accumulate within the cell above electrochemical equilibrium. Chloride 

ions leave the cell passively by moving down a favorable electrochemical 

gradient and exit through chloride channels in the apical membrane. The apical 

membrane permeability to chloride is determined by the factors that control the 

functional status of the chloride channels which ultimately determines the rate 

of chloride secretion. 
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Sodium ions move into the cell passively through · sodium channels in the 

apical membrane by going down a favorable electrochemical gradient. Sodium ions 

a 1 so enter the ce 11 vi a the coupled transport of Na +, K+ and Cl-. Sodium is 

pumped out again by the Na:Na+-ATP-ase. 

Finally, potassium which enters the cell across the basolateral membrane 

coupled with Na + and Cl-, a 1 so 1 eave the cell across the same membrane vi a 

potassium channels. 

The various transporters and channels can be blocked by sev.eral agents as 

shown in Fig. 11. Ouabain effectively blocks the Na:K+-ATP-ase and the Na+, K+, 

2Cl--transporter is blocked by loop diuretics. Amiloride blocks apical sodium 

absorption and Ba++ blocks potassium channels in the basolateral membrane. The 

construction of the current model of electrolyte transport in airway epithelia 

has been greatly facilitated by the use of these agents in electrophysiological 

studies. 

Thus, airway epithelia has the capacity to secrete chloride and absorb 

sodium. Both processes appear to be important in the control of fluid flow into 

the periciliary fluid and in most cases they vary in a reciprocal fashion. When 

chloride secretion is stimulated, sodium absorption decreases (56). A number of 

chemical agents have been shown to stimulate chloride secretion as shown in 

Table 3. The action of 8-adrenergic agonists has been documented in a number of 

studies. It is apparent that all agents, except for a
1
-adrenergic agonists, 

stimulate chloride secretion. The actions of 8 and a
2
-adrenergic agonists, 

prostaglandin E
1 

and E
2

, VIP and adenosine are all associated with an increase 

in intracellular cAMP. Some of the agents are active only when added to the 

serosal surface while others act from the mucosal surface. The evidence that 

cAMP is a secondary messenger regulating chloride secretion is corroborated by 

the effects of theophyllin (phosphodiesterase inhibitor) forskolin (adenylate 
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Agents That Mediate Chloride Secretion 
in Canine Tracheal Epithelium• 

Agent 

Stimulate electrogenic CI- secretion 
J!·Adrenergic agonists 
Theophylline. cAMP 
Prostaglandin E 
Substance P 
Ca2 + ionophore A2JI87 
Prostaglandin F2• 

Inhibit electrogenic CJ- secretion 
Indomethacin and other prostaglandin 

synthesis inhibitors 
Stimulate ncuttal NaCl secretion 

Histamine 
Acerylcholine 
a·Adrencrgic agonists 

cAMP 

-The effect of each agent on lhc cAMP content of the surface cells is indkated 
( T , mc:n:ue: l , dccrea.se: -. no change: ? • unkJ'Krwn) . 

Table 3 

cyclase activator) and dibutyryl-cAMP which all stimulate chloride secretion 

(47,52,54). The stimulatory effects of prostaglandin E
1 

and E
2 

on chloride 

secretion is also mediated by cAMP (see Table 3). Indomethacin, a cyclo-

oxygenase inhibitor, causes a decrease in baseline chloride secretion in canine 

trachea which is paralleled by a decrease in baseline levels of cAMP. It 

therefore appears that chloride secretion in airway epithelia is tightly 

controlled by a number of mediators. 

Finally, chloride secretion can be induced without a change in cAMP by · 

increasing intracellular Ca++ concentration with an ionophore (47). Similarly, 

phorbol esters stimulate secretion without a cAMP change presumably mediated by 

protein kinase C (57). 

Electrolyte transport in CF airway epithelia 

The characterization of electrolyte transport processes in airway epithelia 

from CF pat i ents closely followed the studies in normal airway epithelia. The 

initial observation that the PO across nasal mucosal membranes in CF patients 

was higher than in controls, similar to the observation in CF sweat ducts, 

suggested a defect in electrolyte transport (43). A number of electrophysio-
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logical studies and studies of Cl-fluxes in excised or cultured nasal CF 

epithelium have convincingly demonstrated a significantly reduced apical 

chloride conduction. In a recently published series of papers utilizing single 

cell impalement with microelectrodes in primary cultures of nasal CF epithelium 

no chloride conductivity could be demonstrated even in the presence of a large 

downhill gradient across the apical membrane (58-61). In contrast, chloride 

translocation across the baso 1 atera 1 membrane was simi 1 ar to contra 1 tissues. 

The data derived from these studies allowed the authors to calculate the 

conductive apical permeabilities of Cl- and Na+. The absolute Cl permeability 

was reduced at least 16-fold in CF nasal epithelia whereas Na+ permeability was 

increased 4-fold (61). These findings corroborate previous observations of 

increased sodium absorption in CF airway epithelia. In addition, isoproterenol 

has no effect on apical chloride conductivity in CF contrary to normal nasal 

epithelium where it induces chloride secret1on. 

The reduced chloride secretion and increased sodium absorption in CF airway 

epithe 1 i a are thought to affect mucocil i ary clearance and cause the thick, 

dehydrated mucus observed in CF patients. 

The fact that cultured CF airway epithelial cells have similar properties 

as freshly excised nasal epithelium in terms of chloride impermeability and lack 

of response to isoproterenol suggests that the defect is intrinsic to CF cells 

and not due to a circulating factor. 

Two final observations on whole cell preparations of CF airway epithelium 

are worth emphasizing. Addition of isoproterenol to the serosal surface causes 

an increase in intracellular cAMP despite its lack of effect on chloride 

conductivity. In contrast, addition of a Ca ++ ionophore induces an increased 

chloride conductivity in the apical membrane of CF epithelium (58). These 

findings suggest that chloride channels are indeed present in CF apical 
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membranes and that the defect in CF may be in the regulation of chloride channel 

activity. 

Regulation of chloride channels in CF airway epithelia 

The characterization of the regulation of apical chloride channels in 

airway epithelia required . a new technique, the so-called patch-clamp technique, 

which allows the recording of single ion channels in the membrane. With this 

technique a microelectrode is advanced on to -the cell membrane and a 

high-resistance seal forms spontaneously. Electrical recordings can then be 

made from a very small area of the membrane either when the cell remains 

attached to neighbor cells (cell attached mode) or after removal of the patch 

from the membrane (cell excised mode). The technique has allowed the 

i denti fi cation of severa 1 ion conducting channe 1 s in different ce 11 membranes 

(62,63,64). This technique was used in cultured airway epithelium from normals 

and CF patients by two groups of investigators in 1986 (65,66). Both groups 

observed a high conductance, chloride selective ion channel in the apical 

membrane of normal airway epithelium in the cell attached mode. The channel was 

quiescent at negative holding voltage but opened after addition of a 

B-adrenergic agonist or a cAMP-derivative as illustrated in Fig. 12. 

3 mm 

6 mrn 

"' :t: .• ~.""1, . 
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8 mrn 
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The figure illustrates the tracing from a normal airway epithelium. Initially, 

no chloride channels are open. After addition of epinephrine (5~) the channels 

open (upward deflection of the tracing) after a lag period of about 3 minutes. 

Chloride channels were never observed in CF epithelium in the cell attached mode 

either before ·or after addition of agonists (epinephrine, 8-bromocAMP or 

forskolin). However, both groups found that excised patches from CF epithelium 

had chloride channel activity with conductive and kinetic properties similar to 

chloride channels in normal epithelium. The activation of chloride channels in 

CF epithelium could be induced by applying depolarizing voltage across the 

membrane (67). Conversely, if the excised membranes are maintained at negative 

voltage (physiological: -50 mV) the channels remain closed. In addition, 

Frizzell's group observed that chloride channels in CF epithelium are Ca ++ 

sensitive (65). Chloride channels closed when [Ca++] was reduced to zero and 

opened again when [Ca ++] was raised to about 180 nM. We 1 sh' s group, however, 

did not observe an effect of changing Ca++ concentrations (66). The conclusions 

of these studies were that CF cells have the same chloride channels as normal 

airway epithelium and that regulation of the channel opening 8-adrenergic 

mechanisms is defective at a point distal to cAMP accumulat i on . 

The increase in intracellular cAMP releases the catalytic subunit of cAMP 

dependent protein kinase (PKA) which activate several membrane channels by 

phosphorylation (68). It was therefore obvious to examine whether PKA can 

induce chloride channe 1 opening in norma 1 and CF airway epithe 1 i urn? Three 

studies have addressed this question (67 ,69,70). In all studies PKA plus a 

phosphate donor (ATP) activated chloride channels after a short lag phase in 

normal epithelium. ATP alone was without effect which means that the membrane 

patches had no inherent kinase activity. Importantly, PKA and ATP failed to 
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open chloride channels in CF epithel ium. These findings suggested that the CF 

mutation may involve a phosphorylation site on the chloride channel protein or a 

domain that couples phosphorylation and channel activation. 

Chloride secret ion in airway epithelia is also regulated by cAMP 

independent pathways. Ca++ ionophores and phorbol 12-myristate i3-acetate (PMA) 

both induce chloride secretion without changes in cAMP concentration (57). PMA 

acts through activation of protein kinase C (PKC). The effects of PKC on 

chlor i de channel act i vation was recently assessed by Welsh (71). The addition 

of PKC, ATP and PMA or diacylglycerol (DAG) to qu i escent (no chloride channel 

act ivity) exc i sed patches of normal airway epithelium caused channel opening at 

low [Ca++] ( < 10 nM). Addition of only one or two of the agents had no effect. 

When [Ca++] was increased to > 10 ~the PKC activated chlor i de channels closed. 

Furthermore, when chloride channels were activated by depolarization at high 

[Ca++], PKC plus cofactors inactivated the channels. Similarly, PKA activated 

chloride channels at high [Ca++] were inactivated by PKC and cofact ors. 

Finally, PKC at low [Ca++] failed to activate chloride channels in CF epithelium 

but inactivated CF chlor ide channels opened by depolarization at high [Ca++]. 

The most simple explanation of these interesting studies is that both PKA 

and PKC regulate chloride channel activity at the same site probably by a 

phosphorylation mechanism (Fig. 13). The calcium dependence of PKC suggests 

that low [Ca++] favors phosphorylation while high [Ca++] prevents 

phosphorylation or causes dephosphorylation by activating a phosphatase (?). 

The elucidation of the exact mechanism(s) of channel activation and inactivation 

and defective activation in CF epithelia should now be greatly facilitated by 

the cloning of the CF gene. 
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Fig. 13 

Chloride transport defects in other CF epithelia 

Pancreas One of the hallmarks of CF is the development of progressive exocrine 

pancreatic insufficiency in a majority of CF patients (85 %) . It is thought that 

defective fl uid secretion results in mucus plugging of the small ducts and 

subsequent development of the characteristic cysts. The investigation of 

pancreat i c fluid secretion has been hampered by the relative inaccessibility of 

this organ. Kopelman et al . studied a group of CF patients with the 

secretin-CCK test and a control group with similar degrees of exocrine 

pancreatic function (72). CF patients produced a ·secretion with high protein 

concentration due to a decreased rate of net fluid secretion. The same authors 

recently followed up on this observation in a large series of CF patients (n-56) 

and controls studied in a similar fashion (73). Net fluid secretion was 

significantly lower in CF patients (3.1 ml/kg/hr) than in controls (10.6 

ml/kg/hr). Chloride and bicarbonate were important determinants of net fluid 

secretion at any level of acinar function. These findings suggest that the 

reduced fluid secretion is a result of defective chloride channels in pancreatic 

acini and ducts. 
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Intestine 

The small and large intestine have both absorptive and secretory functions. 

It is therefore likely that intestinal secretory function may be compromised in 

CF assuming that impaired chloride secretion is a generalized defect in 

secretory epithelia. Powell and coworkers recently studied absorptive and 

secretory function in small intestinal epithelium from three CF patients 

undergoing intestinal surgery (74). The studies were perfonned in vitro and 

compared to intestinal epithelium obtained from control patients. In the basal 

state both normal and CF small intestine absorbed Na+ and Cl-. The addition of 

four different secretagogues (theophylline, prostaglandin E , bethanecol and a 
2 

Ca++_ionophore) elicited Cl- secretion in controls but CF small intestine did 

not respond. Addition of glucose to the mucosal solution induced electrogenic 

Na+ absorption in both normal and CF epithelium. Thus, absorptive function is 

preserved but secretory function is absent in CF small intestine. The impaired 

intestinal secretion may account for the development of meconium ileus in 

newborn CF babies and the observation that CF patients with C. difficile 

infections are asympatomatic (75). 

Summary 

Cystic fibrosis was defined as a disease entity 50 years ago. The first 

forty years were dominated by clinical studies which clearly have resulted in 

improved treatment and prolonged survival of patients with CF. The basic 

cellular defect, however, remained poorly understood. It is only within the 

past ten years that the cellular defect has been defined. The advances in our 

knowledge have come about due to the development of new techniques in molecular 

biology and transport physiology. The gene causing CF has now been identified 

and cloned and the major mutation has been characterized. The gene encodes a 

protein that is either a chloride channel or a regulatory protein controlling 
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chloride channel activity as was correctly implied by electrolyte transport 

studies in CF airway epithelia. Furthermore, the pathophysiological 

consequences of CF are now readily explained by the failure to secrete (or 

absorb) chloride. 

The immediate impact of the identification of the major CF mutation is 

improved prenatal diagnosis and carrier detection. The additional mutations of 

the CF gene will probably be characterized within the near future which will 

increase the diagnostic accuracy even further. The defective regulation of 

chloride channel activity in CF airway epithelia must be characterized in 

greater detail with the hope of possibly identifying mediators (drugs) that can 

open chloride channels. These studies are probably already in progress and may 

eventually lead to improved treatment of CF patients. 
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