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Abstract 

Cystic fibrosis (CF) is a generally lethal, 
congenital, genetic disease of unknown etiology. 
It is likely that a defective regulation of 
ion and water transport in exocrine glands and 
possibly also in other epithelial cells has 
a central role in the pathogenesis of this dis
ease. Calcium has been implicated in the basic 
defect underlying CF because of findings of 
abnormally high calcium levels in some secreted 
fluids and some cells of CF patients. 

Using X-ray microanalysis, we have demon
strated elevated calcium concentrations in cul
tured fibroblasts and in goblet cells of the 
bronchial epithelium of CF patients. A factor 
produced by CF fibroblasts in culture can increa
se the calcium concentration in healthy cells, 
although this may be an indirect effect. In 
animal models for CF, such as the chronically 
reserpinized rat and the chronically isoprotere
nol-treated rat, abnormally high calcium levels 
in the acinar cells of the submandibular gland 
could be demonstrated, similar to the situation 
in CF patients. In the acinar cells of the paro
tid gland in these animal models, the calcium 
levels are, however, abnormally low. This sug
gests that the changes in cell calcium content 
are secondary to other changes, possibly changes 
in the secretory proteins. A study of the effect 
of the serum calcium level and of the calciotro
pic hormone calcitonin suggested that neither 
of these factors could be directly linked with 
CF. 

It is concluded that several lines of evi
dence point to a secondary rather than a primary 
role for calcium in the pathogenesis of CF. 
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Introduction 

Cystic fibrosis (CF) is a generally lethal, 
congenital, genetic disease occurring predomi
nantly in the white population, in some countries 
with a frequency higher than 1 in 2000 newborns. 
It has recently been shown that the CF gene is 
localized in the middle part of the long arm 
of chromosome 7 (Knowlton et al. 1985; Wainwright 
et al. 1985; White et al. 1985). However, the 
CF gene its elf has not been identified and the 
molecular basis of the disease is still unknown. 
Nevertheless, there 
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Two theories have dominated the field in 
recent years: the 'calcium hypothesis' (Katz 
et al. 1985) and the 'chloride hypothesis' (Know
les et al. 1983a,b; Quinton 1983). The 'calcium 
hypothesis' of CF is based on the finding that 
in several exocrine glands the secreted fluid 
has an abnormally high calcium content. Katz 
et al. ( 1985) have reviewed the often conf lie
ting data on this subject. Moderate to strong 
evidence indicates that elevated calcium con
centrations can be found in submandibular and 
parotid saliva, tears, and sweat of CF patients 
and possibly also in their tracheobronchial se
cretions. 

Also a number of cell types in CF patients 
have abnormally high levels of total or free 
calcium: cultured fibroblasts (Baur et al. 1976: 
Feigal and Shapiro 1979; Roomans et al. 1983, 
Shapiro and Lam 1982), neutrophils (Cabrini and 
De Togni 1985), lymphocytes (SchCni et al. 1985) 
and isolated parotid cells (Mangos and Donnelly 
1981). On the other hand, other groups have fai
led to find significantly elevated levels in 
lymphocytes (Grinstein et al. 1984) and acinar 
cells of the labial gland (Izutsu et al. 1985). 
Waller et al. ( 1984) noted normal free calcium 
levels, but elevated total calcium levels in 
CF lymphocytes. 

A possibly defective 
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intracellular calcium concentration could exert 
its influence on two levels: ( l) abnormally high 
concentration of free calcium could affect many 
important cellular processes, including 
stimulus-secretion coupling, ( 2) abnormally high 
concentrations of bound calcium - in exocrine 
cells mainly calcium bound to secretory proteins 
- would result in elevated calcium levels in 
the fluid secreted by the acinar cells. 

This in its turn could influence (a) the 
ductal modification of the primary secretion, 
( b) the rheological properties of the secreted 
fluid , which could result in the production 
of viscous mucus and obstruction of the ducts, 
and (c) the composition of the bacterial flora 
in the airways; in particular it could promote 
the growth of certain pathogenic mucoid forms 
of Pseudomonas typical for CF. 

Among the molecular mechanisms that could 
be responsible for the defective regulation 
of intracellular calcium , the following have 
been suggested: ( l) abnormal Ca-ATPase (reviewed 
by Katz et al. 1985) , (2) compositional altera
tions in membrane lipids , affecting membrane 
transport (Motta et al. 1985; Rogiers et al. 
1980), (3) disturbed energy metabolism , in parti
cular a disturbance in pyruvate met'.abolism lea
ding to lactic acidosis, which could affect 
calcium homeostasis ( Koll berg et al. 1983), 
(4) a circulating factor in the blood of CF 
patients that increases the calcium permeability 
of the epithelial cells (Bogart et al. 1982), 
(5) abnormal levels of calciotropic hormones , 
in particular of calcitonin (Kilbourn 1984), 
and (6) alterations in the composition of intra
cellular mucus (Boat et al . 1974) resulting 
in increased binding of calcium . Possible abnor
malities in calmodulin activity or in phosphati
dylinositol metabolism that could affect the 
regulation in intracellular calcium levels are 
also being investigated (Doughney et al. 1985: 
McPherson et al . 1985). A schematic survey of 
the ' calcium hypothesis ' of CF is given in Fig 
l. 

The ' chloride hypothesis ' has not yet been 
developed in equal detail. However , there is 
strong evidence that chloride transport in sweat 
glands and respiratory epithelium is abnormal 
in CF. In the sweat glands, the abnormality 
appears to reside in the duct (Bijman and Quinton 
1984) . Defective ductal reabsorption of chloride 
from the isotonic primary sweat produced in 
the coil would result in elevated NaCl levels 
in the final sweat. The abnormally high NaCl 
levels in sweat are the primary diagnostic sign 
of cystic fibrosis. Also in the respiratory 
epithelium an abnormally low permeability for 
chloride has been demonstrated (Knowles et al. 
1983a,b) . Chloride transport over the apical 
membrane of the cells of the respiratory epithe
lium is one of the factors regulating water 
transport . The result of the defective chloride 
transport could be the production of a water-de
ficient airway secretion, with a high concentra-

tion of protein and other ions ( Boucher 
1984) However, insufficient data are 
available to explain exactly how the 
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Fig l. The ' calcium hypothesis ' of CF. 

in chloride permeability could cause all the 
clinical symptoms associated with CF. 

It is also not yet established whether 
the defect in chloride permeability is due to 
a defective transport mechanism (chloride chan
nels) or to a defective regulation of the chlo
ride channel. Boucher et al. ( 1984) appear to 
favour the second possibility . In this respect 
it is of interest to note that intracellular 
calcium is one of the factors regulating chloride 
permeability. 

In this paper, our work on abnormal calcium 
handling in CF and in animal models for CF will 
be reviewed . The main part of this work was 
carried out with electron probe X-ray microanaly
sis, which allows quantitative localization 
of calcium (and other elements) at the cellular 
or subcellular level. 

Methods 

Specimen preparation 
Since virtually all calcium is lost from 

the cells during aldehyde fixation, throughout 
this study cryomethods for specimen preparation 
were used . For analysis at low spatial resolu
tion, freezing in liquid nitrogen generally 
was sufficient . For analysis at high spatial 
resolution, the tissue was frozen in Freon 13 
subcooled by liquid nitrogen, to a temperature 
of around -185 to 190°c. Although the use of 
ethane, and possibly of propane , may result 
in higher freezing velocities, the use of these 
liquids was absolutely precluded when the free
zing had to be carried out in or near the opera
ting theatre. 

The further processing of the tissue depen
ded on the type of specimen and the resolution 
of analysis . Cell cultures were, after fr

0
eezing 

in liquid nitrogen, freeze-dried at -80 C and 
coated with a conductive layer. Low resolution 
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analysis was carried out on 16 µm cryosections , 
cut at -20 to -3o

0
c on a conventional cryostat 

and mounted on a carbon specimen holder (Wro
blewski et al. 1978). High resolution analysis 
was carried out on thin (less than 200 nm) cryo
sections , cut at - 100 to -120°c on an LKB Ultro
tome III with LKB CryoKit (Roomans et al. 1982a). 
The sections were placed on a Formvar-covered 
co pp er or nickel grid , freeze-dried in the cryo
chamber, brought to room temperature and covered 
with a second Formvar film. Bronchial biopsies 
were prepared for analysis by freeze-substitu
tion. The frozen tissue was kept for 3 weeks 
at - 78°c in dry ethyl ether over molecular sieve , 
brought slowly to room temperature , infiltrated 
with and finally embedded in epoxy resin (Polar
bed 812, Polaron, Watford, U. K. ) . Sections were 
cut at room temperature on a glass knife with 
an ultramicrotome, placed on Formvar film covered 
copper slot grids, and covered with a second 
Formvar film to keep the sect i ons in place. 
Adjacent sections were stained with methylene 
blue-basic fuchsin (Aparicio and Marsden 1969) 
and examined in the light microscope to aid 
in the identification of goblet cells. 

X-ray microanalysis was carried out with 
a Kevex 7000 energy-dispersive spectrometer 
system mounted on a JEOL l0OC electron microscope 
with an ASID-1 or an ASID-4B scanning attachment. 
Analysis of cell cultures or thick cryosections 
was carried out at 20 kV and the specimens were 
viewed in the secondary mode. Thin cryosections 
or sections of freeze-substituted tissue were 
analyzed at 80 or 100 kV and viewed in the scan
ning transmission mode. 

Methods for quantitative analysis of thick 
and thin sections have been described in detail 
in Roomans (1980) , Roomans (1981) and Muller 
and Roomans ( 1985b). Fully quantitative analysis 
of the cultured cells was not possible. The 
cells were cultured on a Formvar substrate , 
and since they generally are less than 2 µm 
thick, the electron beam does not only excite 
the cells but also the underlyi ng substrate. 
The results for these specimens can therefore 
only be expressed as elemental ratios. 

Cells and tissues of CF patients 

Cultured fibroblasts are frequently used 
in the study of CF. In part , this is due to 
the relative ease with which this material can 
be obtained and investigated. Practical and 
ethical constraints limit the use of other , 
more relevant tissues of CF for investigation, 
whereas fibroblasts can easily be obtained from 
small skin biopsies. Cultured cells are well 
suited for biochemical studies, but it is diffi
cult to culture exocrine cells , which would 
be the first choice in research on CF. Neverthe
less , the study of cultured fibroblasts is not 
irrelevant to the study of CF. Although fibro 
blasts are not exocrine cells, the y are secretory 
cells, and the secretory process in fibroblasts 
resembles that in exocrine glands . A number 
of biochemical abnormalities has also been demon
st rated in cultured CF fibroblasts (e .g., Bardon 
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Fig 2. Relative calcium concentrations (Ca/S 
in % ) in cultured fibroblasts from 12 controls 
(C) and 12 CF-patients , determined by X-ray 
microanalysis ( Roomans et al. 1981; Ceder et 
al . 1982). Each point is the mean of 8- 12 measu
rements. The mean for both groups is indicated 
by arrows. 

et al. 1984). Our X-ray microanalysis studies 
showed that CF fibroblasts had a relative calcium 
content about twice as high as that of fibro
blasts from controls ( Roomans et al. 1981; Ceder 
et al. 1982; Ceder and Roomans 1983). In Fig 

2 the data for calcium are plotted relative 
to the sulfur concentration, which may be taken 
as a measure for the amount of protein. The 
choice of reference element is rather arbitrary, 
and phosphorus or potassium as reference elements 
(the two highest peaks in the spectrum) give 
a s i milar result. Despite the fact that the 
difference between CF and control cells is clear
ly significant, the data for CF and control 
cells overlap. At present, analysis of fibro
blasts would not be suitable for diagnostic 
purposes. The spread of the data is to an appre
ciab l e extent caused by counting statistics 
and the fact that the contribution of the sub
strate to the spectrum is relatively large. 
Culturing the cells on very thin films , although 
technically more difficult, would probably give 
a substantial improvement. 

The high calcium levels in CF fibroblasts 
confirm findings from the laboratory of Shapiro 
(Feigal and Shapiro 19 79; Shapiro and Lam 1982) , 
where calcium was analyzed with other techniques. 
In addition, we found that CF fibroblasts had 
a relatively low Na level (Roomans et al. 1981, 
1983) . Whether this is due to an intrinsic lower 
Na level , or to an increased loss of Na during 
the rinsing procedure preceding the freezing 
is difficult to know. 
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Fig 3 . Elemental concentrations in bronchial 
goblet cells of three CF patients (hatched bars) 
and three controls (chronic bronchitis) (open 
bars) . Thin bars indicate standard errors (n=3). 
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Fig 4: Ca concentrations in the serous cells 
of submucosal glands (S) , mucous cells of submu
cosal glands (M) , connec t ive tissue (CT), cili
ated epithelial cells (CE) and goblet cells 
( G) of a bronchial biopsy of a control ( chronic 
bronchi tis) . Thin bars indicate standard errors 
(8- 12 measurements per cell type). 

X-ray microanalysis of goblet cells in 
bronch i al epithelia of CF patients indicated 
that in CF patients the secretory granules of 
these cel l s had a rather high calcium content ; 
in addition, a somewhat elevated sulfur content 
was noted ( Fig 3) ( Roomans et al. 1985) . In 
order to avoid as much as possible secondary 
effects due to airway infections , patients with 
chronic bronchitis were selected as controls. 

The elevated calcium concentrations in 
the secretory granules of the goblet cells could 
be a contributing factor to a higher calcium 
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content of respiratory tract mucus. However, 
goblet cells are not the only cells secreting 
calcium into the respiratory tract. Detailed 
analysis of a control biopsy showed that the 
mucus cells of the submucosal gland have a much 
higher calcium content (Fig 4) ; this calcium 
is likely to be bound to mucus to be released 
into the airways . Since little is known about 
the relative contribution of various calcium 
sources to the final calcium content of respira
tory tract mucus , the finding of elevated calcium 
levels in CF goblet cells must be interpreted 
with caution. It is tempting to correlate the 
finding of higher sulfur levels in CF goblet 
cells with reports on a higher degree of sulfata
tion of CF airway mucus (Boat et al. 1974). 
However , also in this case, caution must be 
exercised. 

Both in fibroblasts and in goblet cells , 
t he increase in cellular calcium levels must 
reflect an increase in bound calcium , since 
this forms the bulk of the cellular calcium. 
Conclusions about free calcium concentrations 
cannot be made on the basis of X-ray microanaly
tical measurements. In both cell types, calcium 
is mainly localized in the secretory granules. 
Increased calcium binding to the secretory pro
teins can be the result of compositional changes 
increasing the calcium-binding capacity of the 
pro t eins . It can also result from an increased 
uptake of calcium into the secretory compartment, 
possibly to protect the cell against an uncon
trolled increase of cytoplasmic calcium levels . 

Effects of the ' CF-factor ' on ion transport 

Circulating factors have for a long time 
been associated with CF , but no definite proof 
of their involvement in the disease has ever 
been ob t ained. Although progress is being made 
in the isolation of the factor ( Bogart et al. 
1984), its chemical identity i s yet unknown . 
It is even possible that there exist not one 
but several ' CF-factors '. 

Spock et al. ( 1967) repo r ted the presence 
in se r um of CF patients of a factor with cilio
sta t ic properties. A number of laboratories 
has been able to reproduce this finding (although 
other laboratories have not) but the mechanism 
of the inhibition remains unclear . Possibly , 
the i nhibition of ciliary motility is a secondary 
effect following hyperproduction of mucus (e.g., 
Kennedy and Allen 1980). The factor is not only 
found in serum, but also in urine of CF patients, 
and can be produced by CF fibroblast cultures . 
Mangos et al. ( 1967) reported the presence of 
a sodium transport inhibitory factor in the 
saliva of CF patients, but this finding has 
been difficult to reproduce by others . 

Recently , however, other studies have linked 
the ' CF-factor ' with abnormalities in ion trans
port . Bogart et al . (1982) reported that the 
' CF- factor ' induced potassium efflux from rat 
submandibular gland slices in vitro, and proposed 
a theory explaining this ~d other effects of 
the ' CF-factor' by the induction of an influx 
of calcium into the cells (Bogart et al. 1978, 
1982) . 
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Fig 5: Effect of culture medium from CF fibro
blasts (CF medium) or normal fibroblasts (N 
medium) on the elemental composition of rat 
submandibular acinar gland cells. Gland slices 
were incubated in buffer or in culture medium 
as described by van Euler et al . ( 1983) . Incuba-
tion in 
cellular 

culture medium causes an 
Na and Cl concentrations, 

increase in 
a decrease 

in the Na/K in K concentrations and an increase 
ratio. The effect of CF medium is in all cases 
more pronounced than that of normal medium. 

Usi ng X-ray microanalysis, we could confirm 
the finding that the 'CF-factor' induced loss 
of potassium from acinar cells of rat submandibu
lar gland slices incubated in CF serum or in 
culture medium from CF fibroblasts (van Euler 
et al. 1983). In addition , an increase in sodium 
and chloride concentrations was noted (Fig 5) . 

In subsequent studies it was noted that 
long-term exposure of normal fibroblasts to cul
ture medium from CF fibroblasts resulted in an 
increase of the calcium concentration in the 
normal cells to about the value found in CF cells 
(Ceder and Roomans 198 3). Chronic treatment ( 7 
days) of rats with intraperitoneal inject ion s 
of CF fibroblast medium also resulted in an in
crease of the cellular calcium concentration 
in the acinar cells of the submandibular gland 
( Fig 6). 

Although these studies indicate that the 
'CF-factor ' 
ciu m into 
action of 
our first 
between an 
tor ' and a 

indeed may induce an influx of cal
sensitive cells, the mechanism of 

the ' CF-factor ' remained unclear. In 
study , we attempted to distinguish 
' agonist-like ' effect of the ' CF-fac
' membrane damage' effect, by comparing 
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Fig 6: Calcium concentrations in mucous acinar 
cells of rat submandibular gland: (C) control, 
(CF) after chronic treatment with CF fibroblast 
medium (van Euler et al. 1985); chronic (R): 
after chronic reserpine treatment (Roomans et 
al. 1982b), (I) after chronic isoproterenol 
treatment (Muller and Roomans 1984a) , (1/R) 
after chronic isoproterenol treatment combined 
with chronic reserpine treatment (Muller and 
Roomans 1984a), (Pi) after chronic pilocarpine 
treatment (Muller et al. 1985b); (ac) acidosis, 
(al) alkalosis; single : 24h after a single injec
tion of reserpin~ isoproterenol (I), prenal
terol (P) and terbutaline (T) (Muller and Roomans 
1985b; Muller et al. 1985a). The effect of the 
8 -agonist prenalterol and the 8 -agonist terbu
t~line are qualitatively simillr to those of 
isoproterenol , but less pronounced. 

the effects of the ' CF-factor ' with those of 
secretory agonists known to act via an increase 
in intracellular calcium concentration and those 
of an uncoupler (von Euler et al . 1983). In both 
cases ( ' agonist' and 'damage' ) one finds an in
creased sodium and decreased potassium concentra 
tion , resulting in an increased Na/K ratio. How
ever, in a number of studies ( von Euler et al. 
1983, 1985; Roomans 1984; Roomans and Wei 1985; 
Wroblewski et ai. 1983) we have found that cho
linergic or Cl -adrenergic stimulation of various 
rat exocrine glands in vitro does not cause a 
significant increase of the cellular chloride 
concentrations over the time span used in these 
experiments . On the other hand, the effect of 
that ' CF-factor ' resembles the uncoupler 2 , 4-di
nitrophenol (von Euler et al. 198 3) and the inhi
bitor of the Na-K-ATPase, ouaba in (Kuijpers 1984 ) 
in that it causes an increase in the cellular 
chloride concentration . 

Recently , von Euler and Wallace ( 1985) 
showed that the ' CF-factor' did not affect Ca
ATPase or the phosphatidylinositol metabolism 
(by which it wou ld have affected calcium 
transport in a direct way), but that it inhibited 
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Na-K-ATPase activity in rat submandibular gland 
acinar cell membranes. As argued above, an 
'ouabain-like' activity of the 'CF-factor' is 
quite compatible with the results of von Euler 
et al. 1983). Also a further consideration of 
the effects of ouabain is of interest: ouabain 
indirectly causes an increase of the cellular 
calcium concentration also in exocrine cells 
(Kuijpers 1984), which would bring the effect 
of the 'CF-factor' as a Na-K-ATPase inhibitor 
in line with the theory of Bogart et al. (1978, 
1982). In addition, ouabain directly influences 
exocrine secretion: it reduces the secretion 
volume in the pancreas (Jansen 1980) and increa
ses the chloride concentration in sweat (Quinton 
1981). Furthermore, circulating inhibitors of 
Na-K-ATPase are known to occur in patients with 
essential hypertension (Hamlyn et al. 1982) but 
also in others (Crabos et al. 1984). On the other 
hand, it seems difficult to believe that a gene
ralized inhibition of Na-K-ATPase could be a 
direct cause of the clinical symptoms associated 
with CF. CF patients do not suffer from hyperten
sion and prolonged treatment with cardiac glyco
sides does not produce CF-related symptoms. A 
final conclusion about the relevance of the 'CF
factor' for the disease will therefore have to 
await further research. 

Animal models for CF 

Some tissues of interest cannot be studied 
directly in CF patients, either because biopsies 
cannot be obtained (major salivary glands) or 
because the tissue has undergone extensive secon
dary changes (pancreas) . Based upon experience 
with other diseases where artificial models have 
provided useful information, attempts have been 
made to develop an animal model for CF. Even 
though the extent of its relevance is sti 11 a 
matter of discussion, the chronically reserpi
nized rat (Martinez et al. 1975a,b) appears to 
come as close as presently possible to being 
an animal model for CF. Other suggested animal 
models are the chronically isoproterenol-treated 
rat and the chronically pilocarpine-treated rat 
(Sturgess and Reid 1973; Mangos et al. 1981). 

In the chronically reserpinized rat, the 
salivary gland ducts are dilated and at least 
partially obstructed by secretory material; the 
saliva has abnormally high concentrations of 
Na, Ca and protein (Martinez et al. 1975a, b). 
Reserpine is a noradrenaline depleter (Benmiloud 
and van Euler 1963) and is used as an anti-hyper
tensive drug. It has, however, a number of side 
effects that may be unrelated to its effects 
on the nervous system, and the mechanism by which 
chronic reserpine treatment produces CF-like 
changes in some of the exocrine glands of the 
rat is not known. In an attempt to clarify the 
mechanism behind the changes in exocrine glands 
caused by chronic treatment with reserpine, X-ray 
microanalysis was carried out on tissue of ani
mals treated chronically with reserpine or with 
a single injection of this drug. 

Chronic treatment with reserpine causes 
a marked increase in the calcium concentration 
of the acinar cells of the submandibular gland 
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(Fig 6). This increase is caused by two factors: 
(1) an increase in the relative volume of cellu
lar mucus, and (2) an increase in the local cal
cium content of the mucus (Roomans et al. 1982b; 
Muller and Roomans 1985a,b). In the submandi
bular acinar cell, the mucus granules have a 
calcium concentration much higher than that of 
the other cell compartments. Indeed, the calcium 
content of the cell is practically linearly rela
ted to the relative volume of the cellular mucus. 
If this volume increases, the cellular calcium 
level will increase even if the calcium content 
of the mucus per se does not increase. In the 
chronically reserpinized rat, this effect is 
strengthened by an increase in the local calcium 
content of the mucus - which can be shown in 
two ways: either by analysis of single mucus 
globules (Roomans et al. 1982b) or by calculating 
whether the increase in calcium content exceeds 
the increase in calcium based on the increase 
in relative mucus volume only (Fig 7). 

A single injection with reserpine causes, 
over a 24h period, after an initial lag of about 
4h, an increase in both cellular calcium level 
and relative cellular mucus content (Fig 8); 
although these increases are parallel, it can 
be shown that the increase in calcium content 
exceeds that expected on the basis of mucus in
crease alone ( Fig 7); this is further confirmed 
by high-resolution analysis of mucus globules, 
which shows a more than three-fold increase in 
local calcium concentration ( Muller et al. 
1985a). 

The causes of the increase in relative mucus 
content of the cells may be an inhibition of 
mucus extrusion. After an injection of the animal 
with reserpine, the responsiveness of the subman
dibular gland to B-adrenergic stimulation is 
decreased (Muller and Roomans 1985a,b) despite 
the fact that the number of B-receptors increases 
as a consequence of reserpine treatment (Cutler 
et al. 1981). The block may either lay in stimu
lus-secretion coupling or in the process of exo
cytosis. 

Also the reason for the increase in local 
calcium concentration of the mucus granules re
mains to be clarified. The two possible expla
nations that come to mind are (1) increased cal
cium binding capacity of the mucus, and ( 2) in
creased uptake of calcium over the membrane of 
the granules, possibly as a protective mecha
nism to prevent unacceptably high calcium concen
trations in the cytoplasm. 

In this respect it is of interest that in 
contrast to the situation in the submandibular 
gland, the calcium concentration in the acinar 
cells of the parotid gland decreases in chroni
cally reserpinized rats and chronically isoprote
renol-treated rats (Fig 9) because of the forma
tion of abnormal zymogen granules with a very 
low calcium content (Muller and Roomans 1984b). 
This may point to the possibility that the cal
cium-binding properties of the secretory granules 
are the factor determining the calcium content 
of the cell. However, although changes in chemi
cal composition of mucus in reserpinized rats 
have been demonstrated (Mawhinney 1985a,b) direct 
proof of its increased calcium-binding capacity 
remains to be given. 
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microanalysis) versus the 

relative cellular mucus content (determined 
by morphometry on electron micrographs) : control 
( x ), acidosis ( A ), alkalosis (◊ ), chronic vitamin 
D treatment (6 ) , calcium gluconate (V) , calcito
nin , 6h after a single dose ( T ) , chronic reser
pine (0) , chronic isoproterenol ( □ ), chronic 
pilocarpine ( ♦) , and 24h after a single injection 
with reserpine (e ) or isoproterenol ( ■ ) . The 
shaded area corresponds to the value expected 
if the calcium-binding properties of the mucus 
remain unchanged. The value is based on the 
value for the control gland , and the value for 
acinar cells that have been completely depleted 
of mucus by an injection with isoproterenol; 
an estimated error of 10 % over the whole range 
of calcium concentrations is taken into account. 
Standard errors of actual data are indicated 
by thin bars. If a point is positioned above 
the shaded area , this indicates an increase 
in calcium concentration exceeding that expected 
on the basis of increased mucus content alone. 

Also in chronically isoproterenol treated 
rats, the cellula r calcium concentration in sub
mandibular gland acinar cells is increased (Fig 
6) due to an increase in the relative mucus con
tent of the cells and an increased local calcium 
concentration in the mucus globules ( Muller and 
Roomans 1984a, 1985b) . After a single dose of 
isoproterenol , the cells are completely depleted 
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of mucus , but after about 8h intracellular mucus 
is again present, and after that both the intra
cellular mucus and the intracellular calcium 
concentration increase to levels exceeding that 
of the control. The accumulation of intracellular 
mucus can readily be explained by desensitization 
of S-receptors after maximal stimulat i on by iso
proterenol. Fig 7 shows that the newly formed 
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mucus is more calcium-rich than the originally 
present ' normal' mucus. Chronic pilocarpine sti
mulation (Muller et al , 1985b) gives qualitative
ly similar results (Figs 6 and 7). 

Chronic reserpine treatment also leads to 
changes in activity of several enzymes of the 
glycolytic pathway; accumulation of phosphoenol
pyruvate occurs, leading to acidosis in the aci
nar cells of the submandibular gland (Bardon 
et al. 1985). Metabolic acidosis in rats can 
also be induced by exchanging the drinking water 
for a dilute solution of ammonium chloride during 
a period of a week . In these acidotic animals , 
the acinar cells of the submandibular gland con
tained more calcium than normal (Roomans and 
Bardon 1984) (Fig 6) but the increase can comple 
tely be explained by the concurrent increase 
in the relative volume of intracellular mucus 
( Fig 7); the calcium-binding properties of the 
mucus thus were unaffected by the acidosis. Simi
lar results were obtained in rats made alkalotic 
by exchanging the drinking water for 100 mM 
NaHco

3 
during a period of two weeks (Figs 6,7) 

(Roomans and Bardon , unpublished results). The 
conclusion is that changes in cell pH, whether 
in the acidic or the alkaline direction , may 
inhibit the extrusion of mucus, but do not lead 
to increased calcium-binding by the mucus . The 
increased calcium concentration of the mucus 
in reserpinized rats can therefore not be explai
ned by the reserpine-induced metabolic acidosis . 

Regulation of serum calcium levels 

Although serum calcium levels are reportedly 
normal in CF patients (Katz et al. 1985), a num
ber of findings prompted us to have a closer 
look at the relation between the regulation of 
serum calcium levels and the functioning of the 
exocrine glands. Elevated calcium levels in sali
va caused by or associated with hypercalcaemia 
have been reported (de Beer and Wilson 1932; 
Freeman and Welt 196~; Weinberger et al. 1974) . 
In an in vitro preparation of human sweat glands, 
Prompt---;;nd Quinton (1978) showed that an increa
sed calcium concentration in the bath (10 mM 
against normally 2.5 mM) resulted in a decreased 
rate of secretion, increased sweat calcium con
centration, and a decrease in ductal reabsorption 
of sodium. 

Acute hypercalcaemia in man can be experi
mentally provoked under controlled circumstances 
by calcium infusion with continuous control of 
the blood calcium level (T¢rring and SjObe 2~ 
1983) . By such a ' calcium clamp' the free Ca 
concentration in the blood can be raised by about 
20 % for a period up to several hours. However, 
no significant effect of the ' calcium clamp' 
on the concentration of calcium and other ions 
in parotid saliva, mixed saliva or sweat could 
be detected (Table 1) (Sagulin et al. 1985a, 
1986). In rats, acute hypercalcaemia can be pro
duced by an injection with a calcium salt solu
tion. After two injections with calcium gluconate 
(35 mg/kg bo'lJ. weight), given with a 2h interval , 
the free Ca+ concentration in the blood had 
increased from the control value of 1 . 33 mM to 
1.55 mM. X-ray microanalysis of the submandibular 
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dibular gland (0) and on the level of ionized 
calcium in whole blood ( e ) during a 24h period 
(Sagulin et al. 1985b). 

gland showed an increase in the calcium concen
tration of the acinar cells, whereas morphometry 
showed an increase in the relative mucus content 
of these cells. According to Fig 7, the increase 
in calcium levels is not significantly higher 
than what would be expected on the basis of the 
increase in cellular mucus, and this would be 
consistent with an unchanged salivary calcium 
concentration, as also observed in the experi
ments on human volunteers. 

One method to produce chronic hypercalcaemia 
in experimental animals is by treatment with 
vitamin D or its metabolites. Rats injected for 
a period of 5 days with la-vitamin D3 (50,000 
U/~~ body weight) showed an increase in blood 
Ca to 1.87 mM (versus 1 . 33 mM in the controls). 
X-ray microanalysis and morphometry of submandi
bular gland acinar cells showed an increase in 
cellular calcium concentration consistent with 
the increase in the concentration of ( normal i 
intracellular mucus (Fig 7) (Sagulin et al. 
1985c) . In this respect, chronic hypercalcaemia 
does not appear to differ from acute hypercalcae
mia. 

The calciotropic hormone calcitonin has 
been implicated in cystic fibrosis (Kilbourn 
1984). Hostyn and Hruskovic (1976) reported that 
the calci ton in-producing C-cells of the thyroid 
gland in CF patients appeared necrotic, which 
would suggest an abnormally low level of this 
hormone. On the other hand, high calcitonin le
vels have been found in patients with inflammato
ry lung diseases, due to involvement of the cal
citonin-secreting Kulchitsky cells (K-cells) 
in the lung (Becker et al. 1981). Serum calcito-
nin levels and the 
lung of CF patients 
and the results of 
give a clue as to 
be involved in CF. 

frequency of K-cells in the 
are now being investigated, 

this investigation should 
whether this hormone could 

It is however of interest to note, that 
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Table l 

Effect of a ' calcium clamp ' on 
ionic composition of parotid saliva 

and sweat in man 

parotid saliva sweat 

norm hyp norm hyp 

Na 15± 4 12± 3 49± 8 51± 6 

Cl 38± 7 36± 5 

K 24± 2 26± 2 

Ca 0.70±0.04 0.72±0.04 4.5±1.3 3.9±1.1 

A one-hour ' calcium clamp ' was performed on 
healthy human volunteers (Sagulin et al. 1986 : 
T¢rring and Sjoberg 1983). The data give mean 
and standard error of 7-9 persons; all data 
in mM. No significant difference between normo
calcaemic (norm) and hypercalcaemic (hyp) condi
tions could be noted. 

calcitonin affects the exocrine glands: it modu
lates pancreatic secretion , gastric secretion 
and salivary gland secretion (Schmidt et al. 
1971; Morley et al. 1981; Koelz et al. 1976). 
Injecting rats with calcitonin (salmon calcito
nin, 25 IU/kg body weighL) caused a transienl 
increase in the calcium content of the submandi
bular gland acinar cells. The maximum effect 
is noted after about 6h, at which moment also 
the effect on serum calcium is maximal ( Fig 10) 
(Sagulin et al. 1985b). The increase in cellular 
calcium concentration is paralleled by an increa
se in the relative mucus content of the cell 
(Fig 7), and preliminary data on the composition 
of submandibular saliva indeed indicate that 
its calcium content is not significantly affected 
by calcitonin. As previously discussed for reser
pine and isoproterenol , the calcitonin-induced 
accumulation of intracellular mucus is due to 
an inhibition of mucus extrusion (Sagulin et 
al. 1985b). It is likely that this is a direct 
effect of calcitonin rather than an effect via 
the very minor change in serum calcium levels. 

Conclusions 

The experimental studies summarized in 
this review point to two separate mechanisms 
by which the calcium concentration of the acinar 
cells of the submandibular gland can be increa
sed: (a) accumulation of intracellular mucus , 
and (b) increased calcium binding by intracellu
lar mucus . The available evidence, obtained 
by a variety of methods (X-ray microanalysis 
at the cellular level supplemented by morphome
try, X-ray microanalysis at the subcellular 
level, and chemical analysis of the ion content 
of the secreted fluid) points to the following 
conclusion: 
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In the case of hypercalcaemia (acute or 
chronic) , calcitonin injection , acidosis or 
alkalosis only mechanism (a) is operative , where
as in the various ' animal models ' of CF both 
(a) and (b) are operative. In the case of chronic 
treatment with the ' CF-factor ' apparently only 
mechanism (b) is operative. Mucus accumulation 
is associated with an inhibition of secretion. 

Mechanism (b) will result in an abnormal 
composition of the primary secreted fluid and 
probably also of the final secretion. Mechanism 
(a) will not generally lead to increased calcium 
levels in the secretory fluid , despite the fact 
that the total calcium content of the gland 
and of many glandular cells may be increased. 

The mechanism behind the increased calcium 
binding by intracellular mucus is not completely 
clear . However , the available evidence suggests 
that this increase is due to changes in the 
secretory macromolecules rather than in calcium 
transport in the acinar cells. Otherwise, the 
difference in behaviour of submandibular and 
parotid gland cells in the chronically reserpini
zed and the chronically isoproterenol-treated 
rat is totally unexplainable. This does not 
mean that calcium transport in the acinar cells 
of these glands is not affected at all: Muller 
and Martinez ( 1986) showed for the chronically 
reserpinized rat that both influx and efflux 
of calcium in submandibular acini is abnormal. 
However , this abnormal ty appears to be secondary 
to other changes in the cell. 

In summary , three lines of evidence fail 
to confirm a primary role for calcium in abnormal 
exocrine gland function as observed in CF: 

(1) the effects of the ' CF-factor' appear 
to be primarily on the transport of other ions: 
the effects on calcium are secondary, 

( 2) the experiments involving animal models 
of CF suggest that changes in calcium content 
of intracellular or secreted mucus are secondary 
to changes in secretory macromolecules, 

(3) changes in serum calcium levels or 
in the serum levels of calciotropic hormones 
do not seem to affect the ionic composition 
of the fluid secreted by exocrine glands, 
although these factors may affect gland function. 

Despite the fact that no support could 
be obtained for a primary role of calcium in 
CF, the secondary effects of increased calcium 
levels in the secreted fluids may still be of 
vital importance for the clinical problems asso
ciated with the disease. 
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Discussion with Reviewers 

B. Forslind: With respect to freezing of 
propane dissolve lipids 

the 
samples, wouldn ' t 
than Freon? 

more 

Author: Although at room temperature both propa
ne and Freon are lipid solvents , it is generally 
assumed that at typical temperatures for free
zing no lipids are lost from the sample. 

B. Forslind: In the model of the ' calcium theo
ry' ( Fig 1) , couldn ' t there be decreased rea b
sorption of calcium in the ducts? Are the compo
sitional alterations in membrane lipids primary 
or secondary to the effect of the mucus cover? 
Author: Little is known about ductal modifica
tion of the calcium content of the primary se
cretion . It is assumed thdt there is either 

no (net) calcium transport in the duct, or , 
possibly, that duct cells may secrete calcium. 
Compositional alterations in membrane lipids 
are, according to Motta et al. ( 1985) present 

J 77 

in fibroblasts, and would therefore not seem 
secondary to the effect of the mucus cover . 

B.A. Afzelius: 
sibility that 

You mention 
Na is lost 

before X-ray microanalysis . 

that calcium also is lost , 
lost to different degrees 
types? 

that there is a pos -
during the rinsing 

Would it be possible 
and even worse , be 
in differe nt cell 

Author : The rinsing procedure (with cold ammoni
um acetate) aimed at replacing the culture me
dium by a volatile buffer containing no elements 
detectable by X-ray microanalysis. The procedure 
was checked as far as possible for ion loss 
(Ceder et al. 1982), and although we could not 
demonstrate any changes in Na/K ratio as a re 
sult of the rinsing , a minor loss of diffusible 
ions is not completely excluded by our investi
gations . With regard to calcium , however , our 
data receive independent support from studies 
of the group of Shapiro (Feigal and Shapiro 
1979; Shapiro and Lam 1982) where only calcium 
was determined and rinsing with a more physiolo
gical buffer was carried out. We therefore con
clude that it is unlikely that our calcium data 
are flawed. 

B. A. Afzelius : In the study of human goblet 
cells you have used patients with chronic bron
chitis as controls to the CF patients. How do 
these compare to healthy persons? Is there a 
relation between calcium levels and the degree 
of severity of the bronchitis or two species 
of bacteria in the mucus? In bronchitis it is 
commonly found that mucus secretion is increa
sed. 
Aut hor: The samples were taken during broncho
scopy which was carried out as part of scheduled 
medical treatment of the patients. Since there 
is no need for bronc hos copy of heal thy persons , 
bronchial biopsies from such persons are diff i
cult to obtain. In addition, for this particular 
investigation, healthy persons may not be ad
equate as controls to find specific abnormali
ties related to cystic fibrosis. There have 
been several speculations about the importance 
of the increased calcium levels for the bacteria 
in the airways , e.g . , that calcium would favour 
the occurrence of mucoid strains of Pseudomonas, 
or that it would inhibit the effect of some 
antibiotics. There are, 
to link calcium levels 
disease. 

however, no hard data 
with severity of airway 

B.A. Afzelius : It is somewhat surprising to 
find that the secretory granules of submucosal 
glands have a calcium concentration that is 
more than four times higher than that of the 
goblet cells in the epithelium. Both cell types 
seem fairly alike. Do you have an explanation? 
Author: The calcium content of secretory cells 
appears to be mainly determined by the chemical 
properties of the intracellular mucus. Subtle 
changes in those properties may result in mar
kedly increased calcium levels , as is evident 
from our studies on the reserpinized rat. 
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A.B. Maunsbach : Would cultured sweat gland cells 
(Pedersen 1984) be a good system to study abnor
mal ion distribution in cystic fibrosis? 
Author: Sweat glands have many advantages since 
these glands show a defect in ion transport 
regulation, but no secondary changes due to 
infection or necrosis . They also can be obtained 
with relatively little harm to the patients. 
In addition, the work of Pedersen (1984), that 
is now being repeated and extended in other 
laboratories , showed that it is possible to 
culture sweat gland cells, which is a prere
quisite for many experimental studies that could 
not be performed in vivo. For X-ray microana
lysis, sweat glands are, because of their rela
tively complicated architecture , not very easy , 
but gradually these technical problems are being 
resolved . Studies by X-ray microanalysis on 
sweat glands either in vivo or in vitro are 
being carried out or planned in a number of 
laboratories (e.g., Elder et al. 1985) and will 
doubtless become a fruitful area of research. 

A. Thureson-Klein: Have you 
effect of a B-antagonist on rat 
Author: No, not yet, but this 
experiment that is planned. 

investigated the 
salivary glands? 

is evidently an 
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