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Extract

By micropuncture techniques and sweat collection under mineral oil, sweat from pa-
tients with cystic fibrosis of the pancreas (sweat-CFP) and from normal controls (sweat-
N) was perfused for 7 min into ducts of single sweat glands in fingers of normal sub-
jects. After pilocarpine stimulation, and after discarding the samples collected during
the first 5 min, sweat of the infused gland was collected over a period of 40-80 min.

The results were as follows: at all flow rates and over the whole period of time, a sig-
nificant increase was observed in the sodium concentration of the sweat. The mean so-
dium concentrations were 62.0 ± 18.0 SD mEq/liter after perfusion with sweat-CFP
and 20.0 f 7.0 SD mEq/liter after infusion of sweat-N (Fig. 2). The increase in potas-
sium concentration seen after infusion of sweat-CFP (mean 19.9 f 5.0 SD mEq/liter)
compared with that seen after infusion of sweat-N (mean 9.0 f 5.5 SD mEq/liter)
was compatible with that observed in sweat-CFP (Fig. 3). In contrast to retrograde
infusion, subcutaneous infiltration of normal glands with sweat-CFP had no effect
on either sodium or potassium concentration.

Speculation

The results clearly prove the humoral transducibility of the electrolyte defect reported
in CFP and make the existence of a net sodium transport-inhibiting factor in sweat-
CFP even more probable. We speculate from these data that the factor might be a de-
rivative of the sweat glands themselves rather than a substance present in blood, or
interstitial fluid, or both.

Introduction

The presence of high concentrations of sodium in the
sweat of patients with cystic fibrosis of the pancreas
(sweat-CFP) is widely accepted by all investigators and
is one of the most important manifestations of the
genetic defect [3, 41. The underlying basic defect, how-
ever, remains poorly understood. Results published by
Slegers [22] and confirmed by Emrich et al. [7] prove
that a reduced net rate of sodium reabsorption occurs

in the sweat gland duct. Recently, Mangos and Mc-
Sherry [17, 181 demonstrated humoral transducibility
of this sodium transport defect: mixed mouth saliva
and sweat-CFP were infused into the duct system of a
rat parotid gland and caused a marked increase in the
sodium concentration of the saliva produced by the
parotid thereafter. It was suggested that a "factor"
might be responsible for this electrolyte defect which
interferes directly with the membrane structures of the
reabsorbing epithelial cells.
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No attempt to prove the action of this factor on
sweat glands of normal humans has been reported.
This experiment, transferring the effect from morbid
to normal sweat glands, would be critical since the
sweat glands are the only exocrine serous glands with a
clearly established defect in net sodium transport [4].
We chose the single sweat gland as the functional unit
of sweat performance for our studies and, using micro-
puncture techniques, succeeded in perfusing the duct
of sweat glands from control subjects with sweat-CFP.
The sweat produced by the glands thereafter showed a
significant increase in sodium concentration at all flow
rates and over long periods of time. In contrast to
retrograde perfusion, subcutaneous infiltration of the
glands had no effect on the sodium excreted. These
results clearly demonstrate the humoral transducibility
of the net sodium transport defect.

Materials and Methods

Fourteen children with CFP, between 3 and 8 years of
age, and a control group of 11 healthy children of the
same ages, were used as sweat donors. Neither group of
subjects was receiving drugs known to affect sodium
transport. None of the sweat donors was used twice.
The only therapy used for children with CFP was
inhalation 1-2 times/% hr of 150-300 mg N-acetyl-L-
cysteine [25]. The collected sweat was infused into the
ducts of single sweat glands in the fingers of 11 healthy
adults. Each control subject was used for one experi-
ment with sweat-CFP and one experiment with sweat-
N. Three adult controls were used twice for perfusion
with sweat-CFP.

Sweat-CFP and sweat-N were collected under min-
eral oil from the forearm after pilocarpine stimula-
tion. According to the techniques of Emrich et al. [7],
the sweat of 150-200 glands was sucked up in PVC
capillaries and total volume was determined; it was
stored on a siliconized microscope slide under mineral
oil. The sodium concentration of each sample of
sweat-N was adjusted to the level of the corresponding
sample of sweat-CFP by adding the required amount
of 1 N NaC1.

To puncture the sweat gland the subject's hand was
kept under oil in a "hand shaped" plaster cast. Light
transmitted by fiber optics [26] and a stereomicroscope
(40 x) [27] showed the stretched final parts of the sweat
gland ducts near the nail bed. A micromanipulator
[28] was used to puncture the orifice of the gland with
a siliconized microglass capillary (outer diameter 20 p)
with sharpened tip, containing about 50-200 nl of

sweat. The capillary was pushed forward in the duct
for another 100-150,. With compressed air (2 atm
on bottle outlet) the test solution in the capillary
was continually infused into the gland duct. When the
capillary was well situated in the lumen, the injected
fluid reached the lower part of the duct system, placing
the cells of the deeper duct parts in contact with the
test solution. This was demonstrated in experiments
with Lissamin green, in which migration of the dye
even down to the coil was achieved. Moreover, our
procedure is in accordance with the results of Schulz et
al. [20, 211, who filled the sweat gland duct with col-
ored ricinus oil and observed that the oil had reached
the coil.

The sweat gland was infused over a period of 7 min.
After withdrawal of the capillary from the gland a few
microliters of 2% pilocarpine were injected intracuta-
neously into the surrounding tissue with another
sharpened glass capillary. The glands started sweating
immediately. The first 5-min sample was discarded.
Sweat produced subsequently was collected under par-
affin oil in small siliconized glass capillaries with a
constant inner diameter between 30 and 50p. The
exact length of the oil-blocked sweat column and the
inner diameter of the capillary were determined under
phase contrast microscopy. From these data the vol-
ume and flow rate were calculated. Intracutaneous
infiltration with sweat-CFP was done by use of conven-
tional intradermal needles and tuberculin syringes. De-
termination of sodium and potassium concentration
was done in an ultrasensitive flame photometer that
permitted simultaneous measurement of both ions in
single samples of sweat as small as 0.25 nl (0.25 • 10-6

ml) or 0.5 * 10-13 Eq Na and \0~™ Eq K [24]. All
values were obtained from double measurements ex-
pressed in milliequivalents per liter and plotted as a
function of flow rate (nanoliters per minute).

Results

The course of a typical experiment on two single
glands is illustrated in Figure 1. Flow rates of glands I
and II did not differ significantly from each other (pe-
riod A). Concentrations for sodium and potassium
were both in the normal low range. During period B,
gland I was perfused for 7 min with sweat-CFP and
gland II was perfused for the same period of time with
sodium-enriched sweat from a control subject. A mod-
erate decrease of flow rate was observed in both glands
thereafter. The gland perfused with sweat-CFP, how-
ever, produced a sodium- and potassium-rich sweat
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over a 30-min period whereas in the control gland no
significant change was observed.

Figure 2 shows the results of 14 experiments per-
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Fig. I. Infusion of two single sweat glands with sweat from
patients with CFP (above, gZund I) and sodium-rich sweat from
normal control subjects (below, gland 24. A: Preinfusion period.
B: Infusion period. C: Postinfusion period. 0 : Sodium con-
centrations before infusion. 0 : Sodium concentrations after in-
fusion. Grey areas: Flow rate.

formed in the same way with sweat-CFP and from 11
control experiments. Each circle represents the result
from one perfusion experiment on a different sweat
gland with sweat from a different donor. In some cases
subsequent measurements at different flow rates were
possible. This explains why the number of measure-
ments exceeded the number of experiments (compare
Figs. 2 and 3). At all flow rates and over the entire
period of time a markedly higher sodium concentra-
tion in the sweat was observed after perfusion with
sweat-CFP (mean 62.0 ± 18.0 SD mEq/liter, N = 31,
dark circles). In the control experiments with "so-
dium-rich’’ sweat-N the sodium concentration
amounted to 20.0 ± 7.0 SD mEq/liter (open circles).

In Figure 3 the potassium concentrations after infu-
sions of sweat-CFP (dark circles) and sweat-N (open
circles) are plotted as a function of flow rate. Follow-
ing perfusion of sweat-CFP the potassium concentra-
tion excreted was significantly higher than that seen
after perfusion of sweat-N (open circles).

In another series of experiments the influence of
intracutaneous sweat-CFP on sweat performance was
investigated. Table I shows that in 24 control experi-
ments, despite a wide variation in flow rate between
0.2 and 14.6 nl/min/gland, the mean sodium concentra-
tion remained consistently low at 37.5 ± 12.9 SD mEq/
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Fig. 2. Sodium concentrations in sweat of single sweat glands of normal controls, plotted as a function of flow rate. 0 : Sodium concentra-
tion after infusion with sweat from patients with CFP. 0 : Sodium concentration after infusion with sodium-rich sweat from control sub-
jects.
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Fif. 3. Potassium concentrations in sweat of single sweat glands of normal controls, plotted as a function of flow rate. 0 : Potassium con-
centration after infusion with sweat from patients with CFP. 0 : Potassium concentration after infusion with sodium-rich sweat from con-
trol subjects.

Table I. Concentrations of Na+ and K+ and flow rate in the
final sweat of single sweat glands

Controls' (N = 24)

Na
mEq/liter

13.0
25.0
58.0
43.0
47.0
33.0
36.0
57.0
58.0
23.0
28.0
45.0
46.0
26.0
25.0
32.0
19.0
42.0
24.0
52.0
47.0
31.0
34.0
40.0

37.5 ± 12.93

K
mEq/liter

10.0
16.0
13.0
11.0
10.0

7 . 0
7 . 5
6 . 0
7 . 0
5 . 0
5 . 5
7 . 5

25.0
6 . 0

23.0
18.0
15.0

7 . 5
11.0
9 . 5
6 . 0

12.5
6 . 0
5 . 0

10.3 + 5.5

Flow
rate,
l/min

0 . 2
0 . 2
0 . 3
0 . 6
0 . 7
0 . 8
0 . 9
0 . 9
0 . 9
1.1

1.2
1.2
1.3
1.3
1.7
2 . 7
3 . 1
4 . 3
4 . 7
5 . 5
8 . 1
8 .9

13.2
14.6

Sweat infiltrationz (N = 24)

Na
mEq/liteI

47.0
50.0
36.0
15.0
19.0
52.0
31.O
52.0
36.0
36.0
31.0
31.0
23.0
20.0
23.0
23.0
26.0
15.0
20.0
24.0
35.0
51.O
42.0
48.0

33.6 f 12.7

K
mEq/liter

6 . 5
7.O
6 . 5
7.O
6 . 0
6 . 5

10.0
7 . 5
8 . 5
7 .0
9 . 0
6 . 5

11.5
7 . 0
6 . 0
6 . 0
6 . 0

12.0
7 .0

19.0
6 . 0
7 .5
6 . 0
6 . 0

7.8 ± 2.9

Flow
rate,
I/min

0 . 3
0 . 4
0 . 4
0 . 5
0 . 5
0 . 5
0 . 6
0 . 6
0 . 9
0 . 8
0 . 8
0 . 9
0 . 9
0 . 9
1.o
1.1
1.1
1.2
1.4
2.2
2 . 5
5 . 4
5.5
6 . 2

1 Without infiltration of the skin.
2 Following skin infiltration with sweat of patients with CFP.
* Mean j : SN.

liter. No relation between the sodium concentration
and the flow rate, especially no approach to isotonicity
with increasing flow rates, could be observed. Similarly,
after infiltration of the surrounding skin area with
sweat-CFP sodium concentrations remained at low val-
ues for all flow rates (mean 33.6 ± 12.7 SD mEq/liter);
thus, sweat-CFP injected intracutaneously appeared to
have no effect on sodium or potassium excretion. Mean
potassium concentrations were 10.3 ± 5.5 SD mEq/liter
in sweat-N and 7.8 +- 2.9 SD mEq/liter in sweat-CFP.

Discussion

Our results prove that the electrolyte transport defect
present in sweat glands of children with cystic fibrosis
of the pancreas (CFP) can be transferred humorally to
normally functioning sweat glands of healthy subjects.
When this sweat from children with CFP was infused
into the duct of a normal sweat gland over a period of
several minutes, a sodium- and potassium-rich sweat
was produced over a long period of time and at all
flow rates thereafter. Control sweat from normal do-
nors with a sodium concentration elevated to levels
found in sweat of patients with CFP, however, had no
effect; the sodium and potassium concentrations
of this sweat remained in a normal low range. Further



Sweat sodium in cystic fibrosis 171

comparison of the results leads to the conclusion that
the increased sodium concentration after perfusion of
sweat from patients with CFP could not be due to the
amount of sodium brought into the gland duct by
means of the infusion procedure as this amount did
not differ quantitatively from that used in control ex-
periments with sodium-enriched sweat from normal
controls (see Figs. 1-3).

Our data strongly support the hypothesis of Mangos
and McSherry [I81 that a factor is present in sweat and
mixed mouth saliva which might be responsible for
the net sodium transport defect. They injected in a
retrograde direction sweat and mixed mouth saliva
from patients with CFP into the rat parotid and ob-
served a significant increase in sodium concentration
at all flow rates of the saliva produced thereafter.

Support for this hypothesis was added by the experi-
ments of Desjeux and Morin [Z]. They found a 6-50%
reduction of the sodium transport-linked alanine up-
take in the rat gut after incubation with saliva from
patients with CFP.

One has to consider that the net rate of sodium
reabsorbed is always the result of two opposed compo-
nents: active transport in the one and passive back
diffusion (leak diffusion) in the reverse direction [I,
231. Interference by the factor with one or the other
process is possible. This would mean either diminished
rate of active sodium transport from the luminal to
the interstitial side of the duct cells, or elevated leak
diffusion resulting from increased membrane perme-
ability. None of the results cited [Z, 17, 181 permits a
decision of the factor's action on the inner membrane
permeability or the sodium pump, and this cannot be
done definitively with our results. The increased so-
dium concentration in sweat after sweat perfusion
merely reflects lower net sodium reabsorption in the
duct. A comparison of the results obtained after infu-
sion with those after intracutaneous infiltration, how-
ever, favors the interaction of the factor with the inner
membrane, whereas reduced net rate of active trans-
port would appear to be less probable. The pump for
active transport is generally accepted to be localized on
the contraluminal side, as ouabain, which partially in-
hibits this pump, is acting by contraluminal applica-
tion only [9, 141. There was no indication that an
ouabain-like effect occurred when sweat-CFP was ap-
plied from the contraluminal side in our experiments
(Table I). Thus, action of the factor on active sodium
transport appears improbable. Following application
from the duct, however, a significant increase was ob-
served in sodium concentration (Figs. 1, Z), indicating

that the factor was effective from the luminal side.
Possibly this was the result of an increase of leak diffu-
sion, and a comparison can be made with strongly
charged polycationic macromolecules whose perme-
ability-increasing effect on cell membranes is well es-
tablished [13, 15, 161. Mangos and McSherry [I81 even
demonstrated an increase in the sodium concentration
of parotid saliva after perfusion of the duct with these
substances.

An increased potassium secretion under the influ-
ence of the "factor" might be suggested from the ele-
vated potassium values after infusion with sweat-CFP
(Fig. 3). This might well be in accordance with the
elevated potassium values of sweat observed in CFP
[7]. On the other hand, the amount of potassium in-
fused with the sweat of patients with CFP was higher
than that found in the controls, and no quantitative
estimation of this difference was done. Although the
elevated potassium values provide evidence in favor of
a CFP effect, a clear decision cannot be made.

Conclusion

Summarizing all these data, the following possible out-
line of the basic defect in sweat performance in CFP
can be given. The coil of the sweat gland secretes a
normal volume of precursor sweat isotonic to plasma
[ZO]. During passage through the sweat gland duct a
significantly lower net amount of sodium is reab-
sorbed. This was shown first by Slegers [ZZ] and con-
firmed by Emrich et al. 1171. Here, active transport was
probably unaffected as we presume from our results
and can be deduced from experiments with aldoste-
rone[6, 8, 11, 121.

Previously published results make it appear unlikely
that hypertonicity of the precursor sweat, an increase
in sweat rate, or increased reabsorption of water by the
sweat duct will explain the high sodium concentration
found in sweat of patients with CFP [7, 201.

Our results indicate that probably a factor present
in sweat of patients with CFP is responsible for the
basic electrolyte defect in the final sweat. Action of
this factor on the side of the sodium pump is very
unlikely. Presumably it is effective from the luminal
face of the gland by interfering with the membrane
structures, thus increasing leak diffusion.
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