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Summary 

A factor is present in the saliva and sweat from patients with 
cystic fibrosis (CF) which inhibits the reabsorption of sodium in 
the ducts of the salivary and sweat glands. Inasmuch as the 
physiology of sodium absorption is similar in salivary ducts and 
the distal colon, " ·e have examined the sensitivity of the sodium 
absorption in the rat colon to saliva from CF patients. 

Sodium absorption by the rat colon, estimated as the short
circuit current. was inhibited by saliva from both patient!ii with CF 
and normal volunteers. However, only with CF saliva was the 
inhibition consistently proportional to the saliva concentration. 
Furthermore, the inhibitory activity of CF saliva was greater than 
the inhibition observed with saliva from age- and sex-matched 
controls (percentage of inhibition: CF = 20.1 ± 2.2. and controls 
= 14.9 ± 2.1: P < 0.02). and the inhibition of the colonic short
circuit current was proportional to the activity mea!iiured by the 
ductal retrograde perfusion a!ii!iiay with the rat parotid gland (linear 
correlation coefficient = 0.634: P < 0.005). This Iauer assay is an 
accepted assay for CF factor activity. 

We conclude that the CF factor present in saliva probably 
interacts in a reversible manner with the amiloride-sensitive so
dium transport system which is present in all sodium scavenging 
epithelia. The rat colon is a promising assay system for CF factor 
activity because the electrical measurements permit a rapid quan
titative estimate of activity and a single piece of tissue can be used 
to measure the activity of several saliva !iiamples. 

Speculation 

The factor that inhibil!ii sodium reabsorption in the ducl!ii of the 
sweat and salivary glands may be a normally occurring substance 
which, however, is secreted at abnormal levels in the sweat and 
saliva in cystic fibrosis. 

Saliva and sweat from patients with cystic fibrosis (CF) contain 
a factor which inhibits the reabsorption of sodium in the ducts of 
the exocrine glands ( 10. II. 24. 27. 2X. 1X). This factor has not 
been purified and identified principally because of its lability and 
the difficulty of the ductal retrograde perfusion assay (311). Al
though a number of other assays for CF inhibitor activity have 
been proposed (I. 5. 30) each of these has been found by subse
quent examination either to lack specificity for CF or to be 
unrelated to the impairment of electrolyte transport (2. 3. 37). 
Tissues responsive to CF inhibitor activity. such as the ducts of 
the salivary and sweat glands. are low conductance or "tight" 
epithelia ( 16. 19). These and other low conductance epithelial 
tissues. including the distal renal tubule. the collecting tubule. and 
the colon. share the characteristics of sodium chloride absorption 
against high concentration gradients. the ability to generate rela
tively high transepithelial potentials (35). regulation by aldoster
one (21 ). and sensitivity of the sodium transport to the diuretic 
amiloride (29. 34). CF inhibitor activity is effective on the luminal 

surface of the sweat and saliva duct and is apparently not effective 
at inhibiting sodium or sodium-dependent nonelectrolyte trans
port by the brush border membrane of the small intestine (37. 39). 
Therefore. we have suggested that this CF factor may interact 
specilically with the amiloride-sensitive sodium transport which is 
unique to low conductance epithelia (32. 39). 

To test our hypothesis of an interaction of the CF factor with 
the amiloride-sensitive sodium transport system. the colon from 
sodium-deficient rats was chosen as a tissue with this type of 
sodium absorption. The CF specificity was examined in two ways: 
by comparing the inhibition observed in mixed submaxillary
sublingual saliva from CF patients to that of saliva from age- and 
sex-paired controls and by comparing the inhibition observed with 
the colonic assay to that observed with the ductal retrograde 
perfusion assay (311). This latter assay is an accepted estimate of 
CF factor activity because it correlates with the sweat electrolye 
test used to diagnose CF ( 10. 20, 27, 3H). 

MATERIALS AND METHODS 

PATIENTS AND CONTROL SUBJECTS 

Patients contributing saliva for this study were from the Cleve
land Cystic Fibrosis Center. Their clinical scores ranged from 23 
to 74 as determined by a modified procedure ( 12) of the original 
Shwachman-Kulczycki method (36). Control donors were student 
volunteers or young laboratory personnel. CF patients and control 
donors were matched for sex and age as nearly as possible; the 
pairing was maintained whenever repeated measurements of ac
tivity were done on the same patient. Informed consent was 
obtained from patients and volunteers contributing saliva. 

SALIVA COLLECTION 

Mixed submaxillary-sublingual saliva was collected with 
Schneyer-type segregators (33. 3S) between OS30 and 1130 using 
lemon juice stimulation. The saliva was kept at -4°C and was 
assayed for activity within 6 hr of collection. Because CF factor 
activity has heen reported to he sensitive to contact with glass (27. 
2H) the assay chambers were made of plastic and saliva was 
handled with plastic vessels and pipets. 

ANIMALS 

Male Sprague-Dawley rats of 100 to 500 g were maintained at 
IS-24°C in a room with a 12 hr light/dark cycle. Animals were 
housed in plastic cages with aspen straw bedding and were given 
food and deionized water ad lihitum . The control diet was For
mulab Chow 5008 supplied by the Ralston Purina Co .. Richmond. 
IL. The sodium-deficient diet was similar to that of Hartroft and 
Eisenstein (22) and was prepared by the Life Science Group of 
JCN Pharmaceuticals Inc .. Cleveland. OH (catalogue no. 902902). 
Diets were purchased in pellet form at -4-month intervals and 
were stored at -4 °C. 
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Although rats on the sodium-deficient diet grew more slowly 
than rats on the normal diet. they remained healthy and achieved 
a normal adult weight. Before surgical procedures animals were 
anesthetized with sodium pentobarbital (60 to 90 mg/kg) IP. 

For the colonic assay. the rats were obtained from Zivic-Miller 
Laboratories Inc .. Allison Park. PA [strain no. Zml:AM(SD)BR]. 
For the ductal retrograde perfusion assay the rats were 
obtained from ARS Sprague-Dawley. Madison. WI (strain Spd). 

MEASUREMENT OF IN HIBITORY ACTIVITY 

The descending colon was removed . rinsed with oxygenated 
Krebs-Henseleit balanced salt solution (26) at 37°C and mounted 
in either a 0.69 em" Ussing chamber (42) or a em! Schultz 
chamber (31 ). The tissue was bathed at 37 °C with a Krebs
Henseleit solution containing S mM n-glucose and was gassed 
with 51'l( carbon dioxide and 95r·; oxygen. The short-circuit current 
was measured using a conventional circuit (42) with calomel 
electrodes as the current electrodes and either calomel or silver/ 
silver chloride electrodes with 3 M potassium chloride/2% agar 
bridges for the potential electrodes. Tissue resistance was calcu
lated from the potential change caused by introducing -50 J.LA 
across the tissue. Saliva was preincubated to 37°C for 10 min 
before adding to the mucosal solution. Inhibition is expressed as 
the percentage of change in the short-circuit current following 
addition of saliva (see text). In some cases, artificial saliva was 
used to mimic the electrolyte composition of submaxillary-sublin
gual 13 mM sodium chloride. 3.5 mM sodium dihydro
gen phosphate. 3.5 mM sodium bicarbonate. 16.2 mM potassium 
bicarbonate. 1.5 mM calcium chloride. and 1.1 mM magnesium 
chloride adjusted to pH 7.0. 

The ductal retrograde perfusion assay with the rat parotid gland 
was performed according to Taylor el a/. The rats were given 
injections SC with O.IS M sodium chloride (2% body weight) O.S 
to 2 hr before anesthesia to ensure proper hydration. 

STATISTICAL ANALYSIS 

Statistical comparison of paired samples was done by Student's 
1 test where the distribution of the test statistic was assumed In he 
normally distributed (7). The mean difference for each individual 
pair was used to estimate the significance of paired differences for 
the sa mple population. The CF sample population is believed to 
represent the CF population because the range of the clinical 
sco res of the sample population is similar to the range of the 
clinical scores of the CF patients of the same age group (IS to 31 
years) in the Cleveland Cystic Fibrosis Center. For testing the 
significance of the correlation between the inhibitory activities 
measu red by the two assays. it was assumed that the population 
correlation coefficient was zero (7). 

RESULTS 

Results with normal rat colon indicate that the short-circuit 
current is insensitive to either CF saliva or amiloride (see Fig. I h) . 
However. a report by Edmonds and Pilcher ( 15) demonstrated 
that placing rats on a sodium-deficient diet stimulates electrogenic 
sodium absorption. Subsequently. we found that the colon from 
sodium-deficient rats is sensitive to amiloride (2:::90'() and to CF 
saliva (see Fig. Ia). The short-circuit current is due to electrogenic 
sodium transport for the following reasons: (I) substitution of the 
sodium chloride and the sodium bicarbonate in the Krebs-Hen
seleit balanced salt solution with choline chloride and choline 
bicarbonate greatly reduces the short-circuit current (from 2S2 to 
IS J.LA/cm!) and the potential (from to mY: the residual 
is probably due to sodium from the tissue and from the asymmetry 
potential). Similar results have been reported by Edmonds and 
Marriott ( 14). When the sodium concentration in the luminal 
compartment was varied over the range from 2 to 140 mM sodium. 
the short-circuit current increased in a hyperbolic manner until at 
a constant level at :::::100 mM sodium (Fig. 2): (2) the colonic 
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Fig. I. Effect ofCF saliva and amiloride on the short-circuit current of 
the rat colon. Short-circuit current of the descending colon from sodium
dt:licient (a) and normal (h) rats was measured as described in " Mate rials 
and Methods." At the additions marked "S" and "A ," CF saliva or 
amiloride were added to the mucosal solution to final concentrations of 25 
(v / v), 40. 5(Y'; and 50 !LM. respectively. Saliva and amiloride were washed 
out "W' hy replacing the mucosal solutions with fresh buffer. 
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Fig. 2. Sodium dependence of the short-circuit current of the colon 
from sodium-deficient rats . The short-circuit current was measured as 
described in "Materials and Methods." The Krebs-llenseleit solution in 
the mucosal compartment which contained 120 mM sodium <:hloride. 25 
mM sodium bicarbonate. 4.<1 mM potassium chloride. 1.2 mM potassium 
phosphate. 1.2 mM magnesium sulfate. and 1.0 mM <:akium chloride was 
replaced with a solution in which choline salts replaced those of sodium . 
At 1- to 2-min intervals. the sodium-wntaining Krebs-llenseleit soluti<>n 
was added to gradually im:rease the muwsal sodium concentration. s,,_ 
dium C<>ncentrations were verilied by analysis with a sodium-specific 
electrode (Orion model '14-11 ). The short-circuit current is shown as a 
percentage of that observed in the presence of the sodium wntaining 
Krebs-flenseleit solution (252 !•A / em ' ). Similar results were nbtained 
when the sodium-containing Krehs-llenseleit solution was gradually di
luted with the choline <Containing S<>lutinn . In both experiments. the serosal 
compartment contained the snJium-rich Krebs-flenseleit solution (2o). 

epithelium from sodium-deficient rats is capable of reducing the 
luminal sodium concentra tion from Ill mM in the cecum to 3 
mM in the stool ( 13 ): and (3) 3.6 mM furosemide. I mM acet
azolamide. and I mM 4-acetamido-4' -isothiocyano-2,2' -disulfonic 
stilbene. which are known inhibitors of anion transport (4. 6, 2S). 
do not inhibit the short-circuit current of the descending colon 
from sodium-deficient rats. These results argue that the short
circuit current of the colon from sodium-deficient rats is due to a 
net mucosal to serosal sodium transport which is involved in 
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sodium absorption. The short-circuit current of the normal rabbit 
colon. which is amiloride sensitive ( 18 ), has been shown to be an 
accurate measure of net sodium absorption ( 17) and is inhibited 
by CF saliva (results not shown). Therefore, it is likely that sodium 
absorption via the amiloride-sensitive pathway is inhibited by 
some substance in saliva. 

When the colon from a sodium-deficient rat is treated with 
amiloride on the luminal surface. the tissue resistance is increased 
(Table I). Evidently. the amiloride-sensitive sodium conductance 
constitutes a measurable fraction of the total tissue conductance. 
If saliva interacts with the amiloride-sensitive sodium transport 
system, then saliva should also increase the tissue resistance. The 
results in Table I indicate that both control and CF saliva signifi
cantly increase the tissue resistance. consistent with an interaction 
of a saliva component with the amiloride-sensitive sodium trans
port system. 

By replacing the mucosal solution with fresh buffer without 
amiloride or CF saliva, the short-circuit current returns to the 
pretreatment value (Fig. Ia). Inasmuch as the effects of both saliva 
and amiloride can be reversed by washing the tissue and because 
the tissue resistance returns to pretreatment values (results not 
shown), these agents probably do not act by affecting the integrity 
or viability of the tissue. 

The ability of the short-circuit current assay to detect CF-related 
inhibitory activity was examined in two ways. First. the inhibition 
by control saliva was compared to that by CF saliva. Because the 
inhibition by control saliva is relatively independent of concentra
tion (Fig. 3), the inhibition by saliva may be expressed as the 
specific inhibition (the inhibition by 50'/r saliva minus the inhibi
tion by 25% saliva). The specific inhibition by CF saliva is 
significantly greater than that by control saliva (Table I. P < 
0.02), indicating that the short-circuit current assay is measuring 
an activity which is elevated in CF. 

The relevancy of the inhibition measured by the colonic short
circuit current assay to CF was also tested by comparing the 
inhibition of the short-circuit current to the inhibition observed 
with the ductal retrograde perfusion assay (3X). The data (Fig. 4) 
although variable. demonstrate a significant correlation (with 31 
pairs, the linear correlation coefficient was 0.634 at P < 0.005 ). 
We conclude from these results that the short-circuit current assay 
measures as activity which is elevated in CF and is probably 
attributable to the CF factor. 

Because saliva has a much lower sodium concentration than 
Krebs-Henseleit balanced salt solution ( 8. 26, 41 ). It would be 

Table I. Tissue resistance and inhibition of colonic short-circuit 
treatmellf with amiloride and sa!i1•a 1

. 

Additions 

None 
50 11M ami

loride 

None 
Control sa-

I iva 
CF Saliva 

Tissue resistam:e 

59.1 ±57' (13)' 
95.0 ± 7.7 ( 13) 1 

62.4 ± 4.7 (23)' 

7X.7±6.1 ( 14) 1 

77.1 ± 7.5 (II)' 

Specific inhibi-
Absolute inhibition tion 

<''l <''l 

91.3 ± 2.2 ( 13) 1 

14.9±2.1(15) 13.0 ± 3.2 ( 15) 

20. I ± 2 2 ( 15)' 16.0 ± 3.2 ( 15)' 

1 The resistance was measured before and after treatment with 50 11M 
amiloride or 50"( saliva. The absolute inhibition was that observed in the 
presence of 50 11M amiloride or 50'; saliva and was wrrected for the 7.0'i 
inhibition observed with artificial saliva (Fig. 2). Specific inhibition of the 
short-circuit current was calculated as described in the text (see "Results"). 

'Mean± S.E. 
'Numbers in parentheses, number of animals (amiloride) or individuals 

(saliva). 
' P < 0.00 I hy paired Student's 1 test. 
·, P < 0.02 by paired Student's 1 test. 

* 
c: 50 
0 -.c :c 40 
c: 

-c: 30 
Q) ... ... 
:J 

U20 -:J 
(.) 

.!:::: 10 
u 

I -... 
0 0 J:: 

rJ) 

• 
CF 

Control 

Artificial Saliva 

0 10 20 30 40 50 
Saliva Concentration l%1 

Fig. 3. Com:entration dependence of the inhibition of the wlonic short
cin:uit current hy CT and control saliva. Saliva was obtained from a 
normal 30-yr-old male (0) and a 2X-yr-old CF patient (•) with a clinical 
score of 74. Artificial saliva (A) was used to mimic the effect of just the 
electrolytes in saliva. Samples were a"ayed for inhibitory activity using 
the same piece of tissue. Saliva concentrations above 50'( cannot he tested 
because of foaming in the chamber. 
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Retrograde Perfusion Assay I "o Inhibition I 
Fig. 4. Correlation between the saliva activity inhibiting the short

circuit current of the rat colon and the activity inhibiting the reabsorption 
of sodium hy the rat parotid gland. The ductal retrograde perfusion a"ay 
of the rat parotid was performed according to Taylor e1al. (3X). Inhibition 
of the colonic short-circuit current hy 25'; saliva was measured as de
scribed in "Materials and Methods ... The linear correlation between the 
activities measured by the two assays in 31 trials may he described hy y 
= 0.404 x + 9.54 with a wrrelation wcfticient of0.634. P < O.lXJS. 

expected from the results in Figure 2 that large volumes of saliva 
would decrease the short-circuit current by reducing the sodium 
concentration at the mucosal surface. The inhibition observed 
with saliva is not due to such as effect because of the following 
observations: (I) the "inhibition" due to a reduced electrolyte 
concentration (50'{ saliva would produce a luminal sodium con
centration of -XO mM) would be only - y; (estimated from Fig. 
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Table 2. Sodium and potassium concentrations in control and CF 
salivas' 

Saliva 

Control 

CF 

Concentration (mM) 

Sodium 

12.S ± 1.2' ( 17)' 

20.7±2.5 (17) 

Potassium 

16.1±6.1(10) 

19.S ± 5.S ( 12) 

Significance 1 test P < 0.0 I P > 0.10 

1 Sodium and potassium concentrations of mixed sublingual-submaxil

lary salivas were measured with a flame photometer using lithium chloride 

as an internal standard (40). 

'Mean± S.E. 

'Numbers in parentheses, number of individuals. 

Table 3. Effect of e/ectro/rte adjustment on the inhibition of 
colonic short-circuit current hy specific CF and control salivas' 

Individual Age Sex 
-----------

CF-1 25 Female 

CF-2 24 Male 

CF-3 17 Male 

Control- I 33 Female 

Control-2 25 Male 

Control-3 30 Male 

---- ·- ----- - --

''( inhibition observed with 25''•( 
saliva 

Before After 

adjustment adjustment 

14 14 
29 23 
20 17 

14 II 
19 II 
10 10 

1 Inhibition of short-circuit current by specific saliva samples was mea

sured as described in "Materiab • :d Methods." Inhibition was measured 

before and after adjustment of electrolytes to equal those in Krebs

Henseleit butTer. 

2) which is comparable to that observed with artificial saliva (Fig. 
3 ), however. this is very much less than that actually observed 
with saliva (Fig. 3: Table I): (2) the difference between the sodium 
concentrations in CF and control saliva. although significant 
(Table 2; see Refs. X and 41) is relatively small. Because the 
sodium concentration in control saliva is less than that of CF 
saliva, from the results in Figure 2. one would expect more 
inhibition from the control saliva. The opposite is actually ob
served (Table I): (3) when the inhibition by specific saliva samples 
was measured before and after adjustment of the electrolytes to 
equal that of Krebs-Henseleit solution (Table 3), the inhibition 
persisted after the electrolytes had been adjusted. Therefore. the 
inhibition cannot be due to an electrolyte imbalance; and (4) when 
CF saliva was treated with Dowex chelating resin or Norit A 
(activated charcoal). the inhibition was reduced from 14 to 6'Yr. 
without a significant change in the electrolyte concentrations 
(results not shown). These observations strongly support the hy
pothesis that an inhibitor of sodium transport is present in saliva 
and is elevated in saliva from CF patients. 

The increased inhibition in the CF saliva, as compared to the 
saliva from controls (Table I), is probably not due to direct effects 
of medication being secreted in the saliva because the following 
compounds at 10 fLM had no effect on the short-circuit current: 
atropine, /-epinephrine, gentamicin, guanosine 3':5' cyclic mono

/-isoproterenol, methacholine, /-norepinephrine, 
N6,0 '-dibutyryl adenosine 3':5' cyclic monophosphate, /-propran
olol, penicillin, trimethoprim, and tetracycline. These represent 
the majority of pharmacologic agents administered to CF patients 
on a chronic basis (41) and argue against any CF-control differ
ence being drug related. 

DISCUSSION 

Our results confirm those of earlier studies (24, 27, 2!1, 3!1) with 
regard to a specific inhibition of sodium reabsorption by amilor-

ide-sensitive sodium scavenging epithelia ( 19, 29. 32). Our study. 
like earlier studies (24. 27. 2!1, 3!1) has been performed with CF 
saliva run in parallel with sex- and age-matched normal controls. 
However. to be more certain of the CF specificity of the inhibitory 
activity. it will be necessary to extend our studies using age- and 
sex-matched controls who have other appropriate chronic lung 
diseases. Such controls were not included in the current study 
because of practical problems in obtaining the appropriate dis
eased controls and because we observed that the specific inhibition 
actually decreases with an increase in the severity of CF (linear 
correlation coefficient of specific inhibition with total clinical 
score = 0.406 (with 15 patients and a total of 23 measurements of 
inhibitory activity) (P < 0.05). 

Comparison of the absolute inhibition of the short-circuit cur
rent indicates that CF saliva is. on the average. 37% more potent 
than is control saliva in its ability to inhibit sodium transport 
(Table I). The magnitude of the CF effect does not appear very 
large. However. it is reasonable when one considers that the ability 
of salivary ducts to reabsorb sodium is only slightly impaired in 
CF patients, as judged for example. by the sodium concentration 
in the secreted saliva (Table 2: see Refs. X and 41 ). 

The results described above are consistent with our hypothesis 
that CF factors probably inhibit sodium transport by low con
ductance epithelia in a manner similar to that of amiloride (23. 
32, 39). The short-circuit current of the colon from sodium-defi
cient rats is completely inhibited by low concentrations of ami lor
ide (apparent K,::::: 0.5 ILM) like other epithelia which are sensitive 
to CF sodium transport inhibitory activity (32. 34). The reversi
bility of the inhibition of the short-circuit current after both 
amiloride and CF saliva indicates that neither is affecting the 
viability of the tissue: this property and the fact that the colonic 
epithelium remains sensitive to amiloride for 3 to 6 hr in l'itro are 
advantageous for assay purposes as multiple samples can be 
rapidly assayed using a single piece of tissue. 

The use of the inhibition of the short-circuit current of the colon 
as an assay for CF factor activity will greatly facilitate the char
acterization. isolation, and identification of the CF factor(s). Such 
an effort is presently underway in our laboratories (9). It is hoped 
that isolation of the CF sodium transport-inhibitory activity will 
contribute to determining the underlying biochemical error which 
is present in CF exocrine tissues. 

CONCLUSION 

CF saliva reversibly inhibits epithelial sodium transport that 
probably proceeds via the amiloride-sensitive transport system. 
Sodium absorption by an amiloride-insensitive transport system 
is not inhibited. CF saliva is significantly more inhibitory than 
control saliva and the inhibitory activity measured with the rat 
colon correlates with the inhibition measured by the rat parotid 
retrograde perfusion assay. 
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