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ABSTRACT. The sweat of single sweat glands of healthy
individuals and cystic fibrosis patients was analyzed for
differences in bicarbonate, lactate, and pH. These values
were monitored as a function of sweat rate simultaneously
with 1) the electrical potential difference at the duct orifice
(with respect to the interstitial fluid) and 2) the concentra-
tions of sodium, potassium, and chloride in surface sweat.
Sweat in both groups contained about equal concentrations
of lactate and bicarbonate at similar sweat rates. Similarly,
the pH of sweat secreted at similar rates in the two
populations was not significantly different. Acidification of
sweat increased with decreasing sweat rate. In both popu-
lations, lactate and bicarbonate may be absorbed passively
in the distal sweat duct in their nonionic form and, thus,
not influenced by the increased electrical potential differ-
ence in the cystic fibrosis sweat duct. The uptake of these
ions may involve active proton secretion by sweat duct
cells. (Pediatr Res 21: 79-82, 1987)

Abbreviations

CF, cystic fibrosis
PD, electrical potential difference

CF is a genetically inherited disorder predominantly affecting
Caucasians. Pancreatic deficiency, pulmonary disease, and ele-
vated sweat sodium and chioride levels are the foremost mani-
festations that characterize the disease. Present evidence suggest
that the elevated sodium and chloride concentrations in CF
sweat is due to a decreased chloride permeability in the reabsorp-
tive duct of the CF sweat gland (1-3). The altered Cl permeability
results in a significantly larger electrical potential across the duct
epithelium. A similar electrical abnormality and Cl impermea-
bility has been demonstrated for airway epithelia (4). Since the
distribution of electrolytes across an epithelium (or other barrier)
is influenced by electrochemical potentials, the altered PD across
target epithelia in CF may result in altered compositions of fluid
bathing the mucosal surfaces of these tissues. Protons, HCO;~
and other buffers are exceedingly important electrolytes which
might be influenced by alterations in such electrical gradients
and thereby be important to exocrine gland function in CF. In
this study, we compare the concentrations of H*, HCO;", and
lactate in CF single gland sweat with the concentrations in
normal sweat as function of several parameters in sweat secretion.
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MATERIALS AND METHODS

The method of sweat collection from single glands in vivo has
been described in detail (1). In this study the sweat from a single
sweat gland on the volar surface of the forearm of nine CF
patients and nine control subjects was collected in serial samples
over a period of 40 min. All CF patients had a confirmed
diagnosis from an established CF center. No two patients were
on the same therapeutic regimen. All patients received various
supplemental vitamins. All but one patient received pancreatic
enzyme supplements. All but one patient received various anti-
biotic therapy, but no two patients were treated with the same
regimen of antibiotics. Two patients did not use bronchodilator
agents. All subjects were adolescents or older. The mean age of
CF patients was 26.6 £ 2.7 (SE) yr and of normal subjects was
25.2 £ 1.9 yr. Only one subject, a CF patient, was under 18 yr
of age. Because of the difficulty in performing a large number of
HCO;™ and lactate microassays, only one sweat gland was se-
lected from a collection of about seven glands from each subject.
The selected gland was chosen on the basis of its showing a wide
range in sweat rates. That is, since we were interested largely in
the concentration change as a function of rate, we selected glands
which gave the greatest difference in rates and which secreted
throughout the collection period (30-40 min). The analysis of
Na, K, and Cl in the sweat and the PD measurement were
performed as described previously (1). Microvolumetric methods
were used to measure bicarbonate (5) and lactate (6).

The pH of the sweat was measured by microfluorescence of
the pH-sensitive fluorescent dye Dextran-FITC (Sigma; 10 mg/
liter sweat). Using constant volume micropipettes (7), one vol-
ume of dye solution (approximately 2 nl) was added to 14
volumes of sweat (sweat dilution 7%). The samples were collected
under mineral oil between bubbles of 5% CO; 95% O- in constant
bore microcapillaries and sealed with water saturated mineral oil
which had also been equilibrated previously by bubbling with
the same gas mixture for at least 1 h. Fluorimetry of these
microsamples was carried out with a Zeiss Universal “R” micro-
scope equipped with a mercury burner for epi-illumination and
a Zonax controller for control of shutter speeds. The field and
focus were selected as described previously (6). Samples of stand-
ards and unknowns were excited for 1-s intervals with UV light
at 365 nm. Emission was recorded as relative light intensity
passed through a graded filter monochromator (Zeiss) set to a
wavelength of 510 nm. Relative intensity was a linear function
(r > 0.99) of pH over the range measured (pH 4 to 8) and was
independent of the buffer used. The accuracy of the method was
also validated by comparing the values of pH determined by
microfluorescence with values determined by conventional pH
electrodes on bulk samples of sweat collected from the body
surface. The different methods generally agreed to within 0.1 pH
unit.
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RESULTS

The means of the electrical potential and of the concentrations
of sodium, potassium, chloride, and residual ions are shown in
Table | together with the time after stimulation and sweat rate
for all the single gland sweat samples collected for control and
CF individuals. As shown previously (1), the concentrations of
sodium, potassium, and chloride and the PDs were significantly
elevated in CF sweat droplets (Table 1). No difference was found
in sweat rate or in the concentrations of lactate (Fig. 1) or
bicarbonate (Fig. 2) between CF and control sweat at any secre-
tory rate even though the concentration of lactate in sweat and
bicarbonate also varied considerably as a function of sweat rate
(Figs. 1 and 2). Since the concentration of residual ions (X),
which is taken as the sum of the measured concentrations of
cations minus the sum of the measured concentrations of anions,
is close to zero for both control and CF sweat we surmise that
the measured ions constitute the principle electrolytes in the
sweat. These electrolytes probably account for the main ionic
constituents of the primary sweat with insignificant contributions
from other organic ions or proteins. Due to the limited quantity
of sweat in the small samples, only a few samples could be
analyzed for pH, but the data obtained showed that with decreas-
ing sweat rates (/.e. with time) the pH of the sweat declined from
about 7.3 at high sweat rates to at least 5.5 at low sweat rates
(Fig. 2).

DISCUSSION

Previous work. Previous studies (8) reported that lactate in the
sweat from pooled secretions of single sweat glands obtained
from a limited number of individuals ranged from 16 mM at
high sweat rates to 40 mM at low sweat rates. We cannot explain
the difference between the much lower lactate concentration that
we found at low sweat rates or the opposite relationship between
rate and concentration (Table 1). Using a similar technique,
Kaiser et al. (9) found lactate concentrations between 10 and 24
mM. More recently lactate measured in frontal sweat (10) was

found to increase from about 11 mM at low rates to about 21
mM at high rates. Similarly, frontal sweat from normal and CF
children was reported (11) to contain about 16 mM in both
populations. These results agree well with those presented here
from glands secreting at higher sweat rates (Table 1).

Qur values on pH and HCO;™ are consonant with other studies
(8, 9, 12, 13), but conflict with the findings of Kaiser and Drack
(14) for the pH and HCO;™ of sweat from CF individuals. These
investigators calculated the HCO;~ concentration from the as-
sumed pCO, and measured pH. Since their HCO;™ and pH
values appear high in comparison to our values and those in
other studies (8, 12, 13), an error may have occurred due to
incomplete equilibration of their samples with CO,.

Possible mechanisms. The primary sweat elaborated in the
secretory coil of the human sweat gland is thought to be close to
isotonic with interstitial fluid so that sodium, potassium, and
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Fig. 1. Concentration of lactate as a function of secretory rate in
sweat collected from single glands from CF (<¢) and control (O) subjects.
Analysis was performed on the same samples reported in Table [. Curve
drawn by eye. Vertical bars are SEM.

Table 1. Sweat rates, electrical potentials, and concentrations of sodium, potassium, chloride, bicarbonate, and lactate associated
with the sweat of CF and normal (N) individuals*

Sample 1 2 3 4 5
Time CF 4,6 +0.4 10.3 0.8 19.6 =+ 1.2 266 £ 1.3 342+ 14
(min) N 54+04 1.2+ 1.1 20.6 £ 0.5 287+ 2.8 379 +0.5
Rate CF 108 £ 1.6 102+ 1.9 80+1.5 69+£1 32+£09
(nL/min/gl) N 10.6 = 1.9 9.8+ 1.3 75+ 1.3 6.1 %1 44 % 1.5
PD CFt 357 £ 6.0 46.2 + 6.2 586 +6.2 5902 +6.2 68.8 + 3.3
(-mV) N 53+125 10.7 £ 3.5 144 +4.4 22.3+45 27.9 + 4.4
Sodium CFt 121.2 £ 84 [17.3x£7.4 108.8 £ 7.3 99.2 £ 8.2 89.9+79
(mEq) N 65.7+15.6 52.7+11.9 433+ 123 28.4 +10.2 274 +10.2
Potassium CFi 17.8 £ 2.9 170+ 2.5 152+26 118+ 1.5 10.7 £ 1.5
(mEq) N 8.4 +03 8.3+0.7 78+12 8112 7.5+ 1.2
Chloride CFt 104.1 7.3 103.3 £ 5.0 107.2+7.4 101.8 7.3 93.9 £8.3
(mEq) N 36.1 £ 11.1 32785 28.2 £ 8.5 252492 23.7 £10.2
X CF —-1.9+356 —-3.8+6.2 1.1 £49 —14+49 24 + 3.1
(mEq) N 3.7+47 28+ 14 3.3+37 1.6+ 1.1 20+38

* Five serial collections of sweat from a single gland were taken at 5- to 10-min intervals. Each point represents the average (+ SE) of measurements
of single gland sweat from seven to nine individuals (see text). The sum of anions (listed plus Figs. | and 2) minus the sum of listed cations represents

the residual anions, X,
1 All values p < 0.01.

4 All values p < 0.05: all other data p > 0.05.
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Fig. 2. Concentration of bicarbonate (/eft ordinate) as a function at
varying secretory rates in sweat collected from single glands from CF (<)
and normal () subjects. The pH (right ordinate) is also indicated at a
high and a low sweat rate for CF (®) and normal sweat (A). Continuous
curve fitted by eye. Vertical bars are SEM.

chloride appear in plasma-like concentrations (15-17). Bicarbon-
ate may also be secreted at concentrations slightly less than those
of the plasma (15, 16). Lactate is likely to be secreted by the
secretory coil as a product of anaerobic oxidation (16). Uptake
of sodium and chloride takes place in the sweat duct (16, 17)
and a Na/H exchange has been suggested to mediate the uptake
of bicarbonate and possibly lactate in this part of the sweat gland
(9, 18). The possibility of a defect in the Na/H exchange mech-
anism in the CF sweat duct has been considered (14). The present
results may afford more insight into the mechanisms of the
transport of HCO,™, lactate, and protons in the sweat gland.

It is perhaps surprising, in view of the fact that CF sweat differs
dramatically from normal in its concentration of Na, Cl, and K
as well as in the transepithelial PD associated with its production
(1, 3, 19), that no significant differences were found in pH or in
lactate and bicarbonate concentrations (Table 1), This finding,
at once, suggests that the mechanism for handling these species
is unaffected, or minimally affected, in CF and raises the question
of what kind of mechanism might be unaffected in the face of
such overt alterations in other electrolyte transport functions.
We consider three classes of mechanisms which might be in-
volved.

First, as with Na and Cl concentrations, the increased concen-
trations of lactate and HCO,™ in surface sweat with increased
sweat rate may be due to decreased fractional reabsorption of
these components in the sweat duct. In several tissues, anion
transport across the cell depends largely on the electrical gradient,
the sodium gradient, or a combination of these. For example,
electrodiffusive lactate (or bicarbonate) transport may take place
in intestine, renal proximal tubule, or placenta (20-22). In con-
trast, sodium-dependent carrier-mediated lactate uptake, electro-
genic or electroneutral, may take place in the renal cortical tubule
and intestinal brush border membranes (20, 23) and rabbit
cortical or rat proximal brush border membranes (23, 24). How-
ever, in the human sweat duct there is a significant difference in
the transepithelial sodium and electrical gradients in the CF and
control populations (Table 1). In the CF sweat duct both the
mucosal membrane PD and Na gradient are greatly increased
(13). Since there is no significant difference between HCO;™ or
lactate uptake in the CF gland, it seems unlikely that the above
electrodiffusive or Na-dependent mechanisms play a major role
in the transport of HCO;™ or lactate in the sweat duct. Nonethe-
less, a sodium-dependent and pH-independent (25) carrier-me-
diated lactate (or HCO;™) uptake would depend on the Km for
sodium. As such, further information is needed to rule out Na-
cotransport uptake mechanisms.

Second, a Na-independent, voltage-independent mechanism
might exist with a nonconductive pathway such as ClI=/HCO;~
exchange as described for intestine and gallbladder (26) among
other epithelia. A lactate/bicarbonate (OH™) exchange has been
described (27), but it is difficult to explain the role of such
exchangers in the sweat duct since all three of the anions in-
volved, Cl-, HCO;™, and lactate decrease in concentration as a
function of sweat rate (Table 1), i.e. all three anions are reab-
sorbed. An exchanger implies that one of the components should
be secreted and show a reciprocal relation between concentration
and rate.

Third, it may be more likely that the uptake of bicarbonate as
well as lactate in the sweat duct is a function of proton secretion.
The pH of precursor sweat is at least 7.25 in both groups (16),
50 that acidification of the sweat (Fig. 2) must occur in the lumen
of the sweat duct. Since the pH of the interstitial fluid is 7.4,
protons are accumulated in the duct against a steep chemical
gradient, This movement may occur via the direct secretion of
protons into the lumen (28) or as an exchange process coupled
to the downhill movement of sodium into the cells (29, 30).
Either process should accelerate the diffusion of nonionic lactate
and bicarbonate (CO.) from the lumen. The fact that at lower
sweat rates, decreased pH is associated with decreased lactate
and HCO,~ concentration argues for proton driven absorption
of these associable anions by nonionic diffusion. While we try to
guard against circular logic, the fact that the pH of CF and
normal sweat does not differ (Figure 2) is also consistent with
this notion.

In conclusion, present evidence suggests that there is no de-
tectable difference in the pH or the sweat concentrations of
bicarbonate and lactate at any sweat rate between CF and control
groups. We suggest that these anions are reabsorbed by nonionic
diffusion as a function of proton secretion into the duct, but
whatever the mechanism(s) responsible for managing these an-
ions in CF, it is not markedly abnormal as previously suggested
(7, 14). The simplest interpretation possible at this time may be
that the sweat duct secretes protons by a mechanism which is
not affected in CF (12).
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