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General introduction 

This study was initially undertaken to investigate the defect of the sweat gland in 
patients suffering from fibrocystic disease. Although this disease is accompanied 
by changes of several glandular systems, the sweat gland in particular seemed 
to be suitable for our purpose, because, in contrast to the other glands, in this 
disease the sweat gland is histologically intact and yet shows a greatly disturbed 
function. From the literature, however, it became evident that even the physio
logy of the normal gland was poorly understood at that time. Therefore, during 
the work a reliable referencepoint for the interpretation of the results was often 
lacking and our interest gradually became more and more directed towards the 
physiology of the normal gland. For the same reason we had to pay special 
attention to the experimental methods. Much time was consumed by evaluating 
new procedures as well as by research of basic physiological properties of the 
glandular system. Relatively few patients could therefore be included in this 
study. This implies that the original character of this thesis changed from a 
patho-physiological into a physiological study. The first Chapter reviews that 
part of the literature which was of special interest for our purpose. In Chapter 
II the methods are described in detail. In Chapter III the experimental results 
are discussed. The results on normal subjects are compared as far as possible 
with those established on patients suffering from fibrocystic disease. At the end 
a working hypothesis is offered, which tries to describe the reabsorption process 
of the gland and to evaluate the defect in the patients. 

The author would like to mention here the great help which he received from 
many sides during the work on this thesis. He is greatly endebted to Prof. Dr 
W. H. H. Tegelaers, who gave the stimulus to this study and whose help, in 
many respects, enabled the author to start the project. The first part of the 
experimental work was carried out in the Department of Physical Chemistry, 
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(Head: Prof. Dr G. A. J. van Os, University of Nijmegen). During the second 

part of the work the author was a member of the Department of Physiology, 

(Head: Prof. Dr F. J. Α. Kreuzer, University of Nijmegen). The author wishes 

to thank all members of both departments for their active cooperation and 

interest in the work. In particular, the competent help of Miss W. M. Moons is 

greatly appreciated. Also the discussions with the staff of the Department of 

Dermatology, (Head: Prof. Dr J. W. H. Mali, University of Nijmegen) were 

very stimulating and helpful. For technical assistance thanks are due to the 

Technical Institute, the Departments of Medical Illustration and Photography 

and the Faculty of Sciences of the University of Nijmegen. 
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Chapter I 

ANATOMY A N D P H Y S I O L O G Y OF THE SWEAT G L A N D 

I N T R O D U C T I O N 

In the present survey of the literature, special emphasis is laid on those problems 
which are in some way related to the sweat gland as a salt and water secretion 
and reabsorption system. The function of the gland in thermoregulation will, 
therefore, not be described, and the eccrine sweat gland only will be discussed. 
The eccrine sweat glands, which are distributed over nearly the whole of the 
body surface, can be subdivided into two groups: the eccrine sweat glands on 
the palms, soles and forehead which mainly respond to mental stimuli, and 
those eccrine sweat glands which can be stimulated by thermal stress. 
In the present study, only the latter group was used for research, so this group 
alone is discussed here unless otherwise stated. The main stress is laid on the 
electrolyte excretion pattern of the gland, firstly because this has a direct 
bearing on our topic, and secondly because the literature shows the widest 
divergences in this field. Some problems involved in the basic mechanism of 
sweat production but which were not the subject of our study, are discussed 
briefly, for the sake of completeness. The morphology and histology of the 
gland are not discussed in any great detail. The gross morphological picture 
necessary for any understanding of the sweat gland as a water- and electro
lyte-secreting system, does of course need some attention. 
Since the sweat gland defects observed in children with fibrocystic disease are 
compared in Chapter III with the physiology of the normal sweat gland, a short 
introduction to that disease is included for the benefit of readers who may not 
be familiar with the entity. 

1. M O R P H O L O G I C A L , HISTOCHEMICAL AND ELECTRON-MICROSCOPIC 

STRUCTURE OF THE SWEAT GLAND 

The eccrine sweat glands are relatively simple structures, arising from the 

3 



epidermis as tubules which extend downwards to the dermis as the fetus grows. 
In the fully developed state, the blind terminal portion has become coiled up. 
This coil remains connected to the epidermis by a more or less straight segment. 
The coils of the different glands are distributed through the lower portions of 
the dermis and up into the subcutaneous tissue, so the lengths of the straight 
ducts are naturally not uniform for all glands. Histologically, the gland can be 
divided into 3 clearly defined portions: the secretory tubule, the duct, and the 
spirally twisted intraepidermal segment. A portion of the duct is, however, 
incorporated in the coil, together with the secretory tube. According to 
Montagna (1962) two-thirds of the coil is secretory tubule and one-third duct, 
while Kuno (1956) gives a ratio of 1.3 to 1. 

Intraepidermal segments. That part of the duct which passes through the epi
dermis enters at the apices of its rete ridges and is spirally twisted (Fig. 1). The 

FIGURE 1. The sweat gland with cross sections of the three main parts 

wall of this tube is composed of a double-layered thin epithelium (Kuno, 1956). 
The cells undergo keratinization, like other layers of the epidermis, and this is 
why some earlier authors did not recognize the existence of this wall. But many 
descriptions now make it clear that the intraepidermal segments do have their 
own wall (Pinkus, 1939; O'Brien, 1952; Holyokeet al., 1952; Kuno, 1956; 
Montagna, 1962). The openings of the ducts on the skin surface lie in the center 
of small funnel-shaped orifices, the sweat gland pores, which are clearly visible 
at low magnification on the summits of the curved ridges of the surface of the 
epidermis. 
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The duct. The superficial part of the tube, or duct, has a complicated structure. 

The wall is composed of two layers of polyhedral cuboidal cells. The lumen 

surface of the inner layer appears under the light microscope as a separate 

cuticle, composed of a hyaline-like material. This cuticular border may be 

nearly absent, while in other ducts it may nearly fills the entire lumen. The 

cuticle is more pronounced in the straight part of the duct in the coiled portion 

(Ellis, 1962). The inner diameter of the tubule varies between 10 and 20 μ, and 

is about 3-4 mm in length. 

The secretory portion. The transition between the ductal part and the secretory 

portion is quite abrupt. The inner diameter becomes wider (diameter, 20-50 μ), 

and the wall is built up of a one cell thick layer of spindle shaped cells, sur

rounded by 'myo-epithelial' cells on a thick basement membrane. On staining, 

the cylindrical cells can be divided into basal cells (acidophile) and superficial 

cells which stain more intensively with basic dyes. The basal cells, also called 

clear cells, are larger than the superficial or dark cells. These two types of cells 

are irregularly grouped into a monolayer. The myo-epithelial cells probably do 

not contain any contractile elements, and are better called fibriallar bodies 

(Sperling et al., 1949). So much for the gross morphology of the human eccrine 

sweat gland. For a more detailed description, the reader is refered to the mono

graphs by Kuno (1956) and Montagna (1962), or to the various textbooks of 

histology. As far as the histochemistry of the gland is concerned, many enzyme 

systems and glycogen have been demonstrated in the glandular tissue (Hurley et 

al., 1956; Scott, 1961; Montagna, 1962; Loewenthal et al., 1963; Gibbsetal., 

1963 and 1964). Although no detailed description will be given here, an exception 

must be made in the case of the glycogen content, which, with its localization, 

has a direct bearing on our topic. 

It has been known for a long time that the cells of the secretory tubule contains 

glycogen, in contrast to the cells of the duct wall (Bunting et al., 1948; Shelley 

et al., 1952). It is now clear, however, that the duct cells are also loaded with 

glycogen. Further, we know that after sweating, glycogen is lost from the duct 

cells as well as from those of the secretory portion. A more detailed description 

of this phenomenon seems to be justified by the subject of this study. Most of 

the glycogen is located in the clear cells of the gland, while the dark cells also 

contain, in addition to glycogen, a substance which is PAS-reactive but resistant 

to digestion by saliva or diastase (SPDR). This substance often stains meta

chromatic and is probably mucopolysaccharide in nature. In the resting sweat 

gland, the glycogen disappears from the clear cell during salt depletion (Dobson 
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1962). The inner layer of the basement membrane also contains a large amount 
of SPDR material (Montagna, 1962). In the duct, most of the glycogen is 
collected in the basal layer. 
After sweating, the glycogen content decreases or disappears from the secretory 
cells as well as from the duct cells, and the SPDR-material also decreases 
markedly (Sargent et al., 1962). Sargent et al. (1962), who followed the glycogen 
content during stimulation of the gland, were able to show that after 6 hours' 
intermittent stimulation the glycogen of the duct cells no longer disappeared 
in contrast to that in the secretory cells. At the same time the chloride con
centration of the elaborated sweat increased. They concluded that the increased 
output of chloride was due to a decreased reabsorption of chloride by the cells 
of the duct which became refractory to stimulation. 

An other interesting observation is that during thermal stimulation of a gland 
with poral closure, glycogen is not lost from the secretory cells. When the duct 
ruptures, the glycogen does, however, decrease (Shelley, 1954). Both experiments 
clearly demonstrate that glycogen is in some way related to the functioning of 
the sweat gland. It is not, however, possible to state whether the glycogen is 
the essential source of energy for the gland. There are some arguments against 
such a hypothesis, since sweat production continues when glycogen is no longer 
demonstrable. The glycogen content could not be correlated quantitatively with 
the activity of the gland as determined by the rate of sweating and the composi
tion of the sweat. 

Electron microscope studies confirmed the existence of clear and dark cells in 
the secretory part of the gland. The clear cells have their broad bases resting 
directly on the basement membrane or on the myo-epithelial cells and only 
a relatively small surface reaches the lumen. The reverse situation is the case 
for the dark cells. Apart from the normal picture governing the Golgi body and 
the mitochondria, it is worth mentioning an unusual finding described by 
several authors. Between two adjacent clear cells, an intercellular canaliculus is 
often found (Hibbs, 1958; Scott, 1960; Munger, 1961 ; Ellis, 1962). These inter
cellular channels contain short microvilli identical with those on the luminal 
surface of the clear cells. They probably form a connection between the base 
of the gland and the lumen. Their function is not yet understood, so only 
hypothetical approximations are possible. The dark cells contain a mucoid 
substance collected in large clear vacuoles. These cells are very probably mucus 
producing cells, which can secrete this substance into the lumen of the gland. 
The luminal border of the duct wall also bears microvilli. They become less 
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numerous along the luminal surface towards the epidermis. The cuticle already 
described seems to consist of a dense network of tonofilaments, lying just 
beneath the luminal plasma membrane into the cytoplasm. In the straight part 
of the duct this fibrous border becomes broader and more dense towards the 
skin surface. The lumen of the intradermal segment is nearly filled by the 
cuticle. The desmosomes are more numerous in the straight part of the duct 
than in the coiled segment of the duct. 

2. R E G I O N A L DISTRIBUTION AND ACTIVITY OF SWEAT GLANDS 

The total number of available sweat glands varies between 2.3 million (Kuno, 
1956) and about 3 million (Szabo, 1962). This does not imply that the actual 
number of glands present corresponds to the number of active glands. Even under 
the strongest type of stimulation, some glands do not react, while others work 
sporadically. Also, the density of the glands per cm2 of skin surface varies 
markedly between the different regions of the body: from 600± 120 on the sole 
of the foot to 120 ± 10 on the thigh (Szabo, 1962). More significantly, these 
figures show marked variations from one author to another. Bargman (1951) 
arrived at a mean value of 130 to 200 for the surface of the body as a whole, 
while Le Gros-Clark (1958) gave a figure of 120 glands per cm2, and Montagna 
(1956) gave an average number for the forearm of 113 glands per cm2. For the 
same area, Sargent et al. (1962) counted 40 to 60 active glands per cm2 during 
the first two hours after stimulation with mecholyl, while Kuno (1956) counted 
150 functioning glands per cm2 on the forearm after thermal stimulation. 
Individual variations seem to be quite marked as well (Weiner, 1945), though 
no sex difference could be established (Szabo, 1962). So not all glands which 
are anatomically present can be stimulated, and in addition, densities vary 
widely about the surface of the skin. When not only functional power but the 
actual sweat itself is to be the subjects of study, it is clear that contamination 
by sweat elaborated by the apocrine glands must also be avoided. These 
arguments, together with certain technical considerations, make it clear that 
for comparative studies, only one area must be chosen, and in this respect the 
volar surface of the skin of the forearm has great advantages. 

The most normal physiological stimulus for the sweat gland is thermal stress 
or heat. In hot environments, generalized sweating may occur, but only after a 
latent period in which no sweating is measurable. The duration of the latent 
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period depends on the intensity of the stimulus (Brebner et al., 1961). After this, 
sweating starts first on the forehead, then the neck and, less profusely, on the 
trunk, lumbar region and backs of the hands. The palms and soles react only 
weakly or not at all to thermal stimulation (Kuno, 1956; Montagna, 1962). The 
sweat glands on the palms, soles, axilla and, according to McGregor ( 1952), those 
on the forehead too, are sensitive to emotional stress or sensory stimuli. Emotion
al sweating commences with no latent period, and ceases immediately on cessation 
of the stimulus. During sleep, no sweat secretion can be measured on the palms 
or soles, in contrast to thermal sweating, which can be very abundant during 
sleep. 

There are thus at least two clearly differentiated types of sweat glands ; those 
which are only stimulated by emotional stress (palms and soles), and those 
distributed over the rest of the body surface, which are sensitive to thermal 
stress. The sweat glands on the forehead and axilla are probably of mixed 
origin. The subdivision of the glands corresponds with their embryological 
development. The first primordia to appear during foetal growth are visible 
on the palms and soles in the 16th week. In the 19th week, the sweat glands in 
the axillary region start to grow, while the sweat glands of the hairy parts of the 
body appear from the latter part of the 5th month on. 

For our purpose, it is also important to mention that the electrolyte composition 
of the sweat differs markedly between the glands on the palms and soles and 
the thermally sensitive ones (Lobitz et al., 1948; Collins, 1962). Sweat elabor
ated on the palms and soles frequently has higher sodium and chloride concen
trations than sweat from the other glands. Only the sweat glands which nor
mally respond to heat were included in this study. For this reason another 
characteristic of these glands must be discussed here. After thermal stimulation, 
sweat production commences, and the amount of sweat delivered corresponds 
to the intensity of the stimulus, until a maximum is reached. Further increase in 
thermal stress does not increase the sweat output any further, and the rate of 
sweating may even start to decrease. This decline in sweat rate (hidromeiosis) 
has been studied by many investigators. After pharmacological stimulation 
with acetylcholine or pilocarpine sweating starts very rapidly, rising to a 
maximum after some 10 to 15 minutes, and is then followed by a decline. The 
extensive literature on this subject is reviewed by Sargent (1962). Using any 
given method, however, the major question is whether this drop in sweat rate 
measured over a certain area of skin is due to a decrease in the number of 
active glands, or if it reflects a decline in the output per gland. Tested in different 
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ways, and measured following several methods of stimulation, most authors 
agree that the decrease in sweat rate is mainly due to a reduction in the mean 
flow per gland (Weiner, 1945;Thaysenetal., 1955; Kuno, 1956; Sargent, 1962). 
This is of great importance, because only then may the observed sweat rate be 
regarded as a reflection of the output per gland, and a decline in sweat rate 
taken as a measure of decreasing activity of the gland. 

3. T H E SWEAT TEST 

When any electrolyte secreting system such as the sweat gland is studied, special 
attention must be paid to the methods used for stimulation of the gland and for 
collecting the sweat. There can be little doubt that many of the discrepancies 
observed in the literature could be traced back to the use of different methods. 
Instead of reviewing all possible kinds of methods, two tables are presented in 
which most of the possibilities are tabulated. Table I represents the commonly 
used methods for stimulation of sweat secretion, with references to the authors. 
A combination of thermal stimulation with a pharmacological one is occasion
ally used. 

TABLE I. Methods of stimulation of the gland 

Sauna bath Sulzberger et al., 1950 
a) Application of Climate room Locke et al., 1951 

heat from Waterbath Weiner et al., 1952-a 
surroundings Local radiant B r e b n e r * ^ 1 9 6 1 

heat ' 

Thermal stimuli b) Internal heat Muscular ,-, „· . , .n/.~ ' , ^. Collins et al., 1962 production exercise 

Arm bag, or 
c) Prevention of plastic bag in Shwachman et al., 1955 

heat loss which the entire 
body is enclosed 

Adams et al., 1958 

d) Intradermal 

( j . Local sweating Dole et al., 1951 

Pharmacological mecholyl) 
stimuli 

e) Iontophoresis 
(most used : Local sweating Gibson and Cooke, 1959 
pilocarpine) 
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TABLE II. Collection of sweat 

Method of collection Determination Authors 

Washing skin with 
demineralized water 

Direct sucking from the 
skin into micro-pipettes 
or syringes, or scraping 
from skin. 

Rubber or polythene 
gloves 

Absorption by filter 
paper, gauze pads or 
blankets 

Cup glued to skin, 
through which a gas or 
water passes 

Loss of body weight; 
solute loss 

Sweat production, 
dissolved solutes 

Sweat drainage, 
dissolved solutes 

Gain in weight of paper 
or blankets, solutes 
absorbed 

Absorption of water by 
calcium-chloride 
Hygrometry 
Condensation of water 
on cold coils 
Electrolytic water 
analyzer 
Conductance measure
ments for osmolarity 

Capillary suction, 
osmolarity measure
ments 

Ladell (1948) 

Berenson et al. (1953) 
Le Veen (1955) 
Barbero et al. (1956) 

Bulmer(1957) 
Adams et al. (1958) 

Dole et al. (1951) 
Gibson et al. (1959) 

Kuno (1956) 

Bullard(1962) 
Neumann et al. (1941) 

Van Gasselt et al. (1963) 

Siegers (1964-a) 

Siegers (1964-b) Cup glued to skin, filled 
with oil to prevent 
evaporation 

Application of sodium electrode direct to the skin Goldbloom et al. (1963) 

In Table II, the usual methods of collecting sweat from the entire surface of the 
body or from a small area of skin are given. Only very brief indications of the 
determinations which follow the collection are summarized. Many combina
tions of Tables I and II are of course possible, and are indeed found in the 
literature, all depending on the aims of the investigator. 

Prevention of evaporation must be avoided at all costs where concentrations 
are to be studied. This is a very difficult problem. If parts of the body surface 
are used, as is often the case, only the plastic bag or gloves and the cup glued 
to the skin need be considered. The great disadvantage of the bag method is 
that a relatively large volume has to be saturated with water vapor, that the 
elaborated sweat stays on the skin surface a long time before droplets are 
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formed, and that contamination with constituents of the epidermis is increased. 
This latter process is even worse if the subject is subjected to muscular exercise 
during the sweat test. Moreover, if the extremities are used, the sweat of the 
palms or soles must be avoided very carefully. 

By using cups, more and different portions of the skin surface can be studied. 
With filter papers inside, the formed sweat is immediately absorbed and only 
a much more restricted volume need be saturated with water vapor. More
over, it is possible to follow the process of sweating over accurately timed 
periods. A disadvantage is that only pharmacological methods of stimulation 
can be employed. But as Kuno (1956) and Shwachman (1962) found no sub
stantial difference between thermally and pilocarpine induced sweating, and 
Sibinga et al. (1963) observed no differences between mecholyl injected or 
applied with iontophoresis, the problem would not seem to be insurmountable. 
At the moment, therefore, the method of Gibson et al. (1959), using ionto
phoresis of pilocarpine, in combination with the filter paper method of Dole 
et al. (1951), seems to be the most convenient and most elegant method, and 
this is valid for clinical purposes as well as for most research studies. For 
several reasons, overall sweat production is not entirely suitable for studying 
the sweat gland as an electrolyte secreting system. In long term studies, not 
only is the sweat gland activated, but all the mechanisms of thermoregulation. 
Moreover, possible metabolic influences, changes in the endocrine system, and 
changes in the homeostasis of the body fluids must be taken into account. In 
short term studies, these factors probably play little significant part but it still 
remains impossible to exclude the sweat of the palms and soles, the forehead and 
the axilla, which are quite different in composition (Shwachman, 1962). If 
hospital patients are to be tested for sweat gland activity, thermal stress may 
sometimes be impossible and could even be dangerous. A possible objection 
against local sweating may be that the sweat is always collected under high 
water vapor pressure conditions, and this interferes with sweat rate and 
electrolyte content. For arm bag sweat, this was observed by Weiner et al. 
(1949), but Segar et al. (1965) were unable to demonstrate differences when 
using the cup method. 

4. T H E CHEMICAL COMPOSITION OF SWEAT 

a. Rate of sweating 

It might at first sight seem strange to commence this section with observations 
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regarding the rate of sweating, but the literature and this present study make it 
clear that the concentration of most of the solutes in sweat are in some way 
related to the rate at which the sweat is elaborated. Unfortunately, however, 
many papers dealing with sodium or other electrolyte concentrations in sweat 
do not mention the rate of sweating at which the concentration was measured. 
In clinical work in particular, this parameter is often neglected. This means 
that much of the data available is of limited value, and can really only be used 
as a guideline. In addition comparison between different methods is impossible 
if the rates of sweating are not determined. Since concentrations are under 
discussion in the following pages, the matter cannot be disregarded. Thermal 
stimulation starts by producing low rates of sweating, which increase as the 
thermal stimulus continues. However, injections of mecholyl, or iontophoresis 
of pilocarpine, result in a rapid initial rise in the rate to a certain level, followed 
by a subsequent decline within about 15 minutes. In both cases, quite different 
sweating rates will be observed at, say, 30 to 40 minutes after stimulation. So the 
cases are not comparable, because concentrations obtained at different secretory 
rates are being compared. Marked scattering of data is found if several individuals 
are tested by the same method. This is probably inherent to the topic, and based 
on the general metabolic and endocrine status of the subject under investigation. 
So mean values are often used, measured in large groups. This also has lead to 
erraneous interpretations, best illustrated by an example. Adams et al. (1958) 
measured rates of sweating obtained over half hour periods, together with the 
osmolarity of the sweat specimen. This procedure, repeated in a large number 
of subjects, yielded large numbers of values which were plotted on a graph and 
showed that when rate of sweating increased, osmolarity decreased. Siegers' 
(1964-b) observations were entirely different: he found that when rate of 
sweating decreased, the osmolarity of the sweat also decreased. These data 
were, however, obtained during the course of a single sweating period in one 
subject. Two quite different processes are studied in these two examples. But 
the intention is to determine the changes in the mechanism of the gland when 
the rate of secretion of that particular gland is changed. In this sense, the 
formulation given by Adams et al. (1958) seems to be somewhat misleading. In 
the sections which follow the chemical composition of sweat in relation to the 
rate of production will be discussed in respect to this formulation. 
The rate of sweating is usually expressed in terms of weight of sweat per unit 
surface area per unit time. Factors affecting the rate of sweating are not de
finitely established. Intensive work, high ambient temperature or humidity. 
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negative salt balance, and heat flow through the skin are possible increasing 
factors (Schwartz, 1960). Although Kerslake (1955) says that the temperature 
of certain receptors lying at the level of the superficial arterial plexus are mainly 
responsible, Amatruda et al. (1953) produce arguments for the fact that cellular 
tonicity influences the sweat rate. The whole phenomenon appears very complex. 
Only detailed analysis, specially directed to this problem, will provide the 
necessary information. 

b. Osmolarity of sweat 

From the literature it becomes evident that there were two quite different 
periods during which investigators were interested in the osmolarity of sweat. 
The older literature attempted to determine the extent to which the sweat 
glands might be used as a substitute for impaired kidney function. No satis
factory clinical correlation could, however, be determined in this respect, and 
interest dropped. In recent years osmolarity has again be studied, but this time 
as a tool for the better understanding of the mechanism of the sweat gland 
itself (Table III). 
One of the methods most frequently used to determine the total osmolarity of 
the sweat is measurement of the depression of the freezing point. The data in 
Table III have been recalculated in mOsm/L for the sake of simplicity. 
The scatter in these data is enormous, from strongly hypotonic sweat up to 
hypertonicity with respect to blood plasma (300 mOsm/L). Brieger et al. (1903) 
were the first investigators to observe that the osmolarity was highest at the 

TABLE III. Osmolarities measured in sweat (mOsm/L) 

Ardin et al. 1900 
Brieger et al. 1903 
Bendix 1904 
Bogdan 1904 
Marchionini 1928 
Amatruda et al. 1953 
Johnson et al. 1956 
Lichton 1957-a 
Adams et al. 1958 
Helbing 1963 35-125 

Average value, 
mOsm/L 

130 
325 

115 

122 
162 
68 

108 

Observed range. 
mOsm/L 

45-250 
175-540 
115^120 
130-185 
145-357 
63-174 
61-385 
47-101 
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end of the thermally stimulated sweating period. This means that when the rate 

of sweating increases, the osmolarity also increases. Adams et al. (1958) in

vestigated this relationship more extensively and found that sweat was always 

hypotonic to blood plasma, and that when the rate increased, the osmotic con

centration usually diminished. From the next pages it will become clear that 

this is an unexpected finding, because the main constituent of sweat, sodium 

chloride, increases with increasing rate of sweating. We made some critical 

remarks regarding this finding, quoted by Adams et al. (1958), in the previous 

section. With the exception of Lichton (1957-a), who found a positive corre

lation between osmolarity and rate of sweating, there is no data about the osmo

larity of the sweat in relation to secretory rate in the literature. This also makes 

it difficult to discuss the contribution of the different constituents of the sweat 

to the total osmolarity. Most authors agree that only 0.5-1 % of the elaborated 

sweat consists of solutes, the S.G. ranging from 1.001-1.010, with a mean value 

of 1.0046 (Kittsteiner, 1913). Sodium chloride contributes from 79 to 90% of 

theosmolar concentration (Weineret al., 1949; Rothman, 1954; Le Veen, 1955; 

Schwartz, 1960). Johnson et al. (1956) and Adams et al. (1958), however, only 

give figures from 45.6-49% for the sodium chloride. Lactate contributes about 

11 tot 13 % and the rest is largely due to urea. It will be clear that the literature 

gives very little information on the total osmolarity of the sweat and problems 

related to it. For a discussion of the osmotic performance of the sweat gland, 

one is referred to Chapter III. 

с Sodium concentration 

There is a very extensive literature available concerning the sodium content of 

sweat. It is, therefore, impossible to summarize all data separately. It is evident 

that the values observed in children fluctuate less than those in adults, and that 

the lower limits for both groups are approximately the same, at about 10 mEq/L 

is generally accepted, although Fanconi (1961) reported a concentration as low 

as 2 mEq/L. The upper limits deviate much more between the various authors. 

For children, values up to about 60 mEq/L are given, while for adults concen

trations of 100 mEq/L or more have been measured. Differences in methods of 

stimulation used by the various investigators can not be the sole explanation 

for the observed ranges in sodium concentrations (di Sant'Agnese et al., 1962; 

Shwachman et al., 1962) unless the method of stimulation is responsible for 

differences in rate of sweating. A correlation between sodium concentration 

14 



and rate of sweating is clearly demonstrated by many authors (Kittsteiner, 1913 ; 
Hancock et al., 1929; Locke et al., 1951; Schwartz et al., 1953; Kuno, 1956; 
Adams et al., 1958). So sodium concentrations alone, without also quoting the 
rate of secretion obtained simultaneously, cannot provide the necessary in
formation. 

Schwartz et al. (1954, 1956) studied the relationship between sodium concen
tration and the rate of sweating and found a linear relationship between sodium 
excretion and rate of sweating at rates of flow above 5 g. m - 2 . min-1. From 
these experiments they assumed that the gland forms a precursor solution of 
constant sodium concentration from which sodium is reabsorbed by a process 
of limited capacity. If the supply of sodium to the reabsorbing system exceeds 
the reabsorptive capacity, sodium appears in the sweat. Since the sodium con
centration of the precursor solutions has a constant value, the supply of sodium 
depends on the rate of formation of sweat alone, and the sodium concentration 
of the sweat on the sweat rate. This is the first reasonable explanation given 
for this relationship. Bulmer et al. (1956). who also deduced the maximal re-
absorption capacity for sodium, demonstrated that the sodium concentration 
of the sweat was inversely related to the rate of sweating. From these experiments 
it became clear that the precursor solution must have a sodium concentration 
numerically equal to that of the interstitial fluid. Very recently, Schulz et al. 
(1965) have confirmed these results by micropuncture studies. Substantial 
evidence is therefore available that the sodium concentration in the coil must 
be about 140 mEq/L. If precursor fluid of this constant sodium concentration 
passes the duct, sodium is obviously reabsorbed, because much lower values 
are always measured at the skin surface. From the observations mentioned 
above it can be concluded that the amount of reabsorption depends in some 
way on the rate of sweating. So the functional power of this process can only 
be judged, especially in comparative studies, if the rate of sweating is quoted 
with the sodium concentration. Other possible factors able to introduce changes 
in sodium concentration, e.g. diet, hormones, acclimatization, diseases, etc., 
will be discussed in section 5. 

d. The chloride concentration and the sodium chloride ratio 

Much that has been said regarding sodium also holds for chloride. The same 
wide range in concentrations is given in the literature. Chloride concentration 
should also be dependent on the rate of sweating (Hopf, 1935; Whitehouse, 
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1935; Johnson et al., 1944; Ladell, 1948; Locke et al., 1951; Kuno, 1956; 

Sargent, 1962). In spite of this analogy, there is still some doubt whether 

chloride may be substituted for sodium. Kuno (1956) found sodium and 

chloride in equimolar proportions, but many other investigators report higher 

sodium than chloride concentrations (Locke et al., 1951 ; Ahlman et al., 1953; 

Amatruda et al., 1953; Robinson et al., 1954; Lichton, 1957-b; Schwartz, 1960). 

Locke et al. (1951), Lichton (1957-b), and Orzalesi et al. (1963), were able to 

formulate this relationship more quantitatively: 

[Na] = 1.12 [CI] + 3 mEq/L (Locke et al.) 

[Cl] = 0.806 [Na] — 4.04 mEq/L (Orzalesi et al.) 

[Cl] = 0.638 [Na] + 7.4 mEq/L (Lichton) 

Some doubt nevertheless remains whether this relationship is really as static as 

these figures suggest. In the first place, the figures given for the sodium chloride 

ratio in the literature differ widely between authors. Secondly, if sodium is 

related to the rate of sweating, then on the basis of the data quoted above, the 

chloride should show the same relation. This has, however, never been shown 

to be the case. Locke et al. (1951) postulated a 'sweat chloride rate index', 

which represents this relation for chloride in the following way: 

г̂ иіч where К is a constant for a 
log 90 — log(90 — [Cl]) . 

— = K, given subject during any one 
rate of sweating . . . 

ь sweat test 

Sargent et al. (1962) observed a linear relationship between chloride concen

tration and sweat rate, while Weiner et al. (1952-a) and Lichton (1957-b) found 

poor correlation between these two parameters. Many discrepancies thus 

remain. 

To summarize, we may conclude that the chloride concentration of sweat is 

lower than the sodium concentration. The chloride varies with the rate of 

sweating, but probably not in the same way as does sodium. This implies that 

the sodium to chloride ratio could not be constant during the course of a 

particular sweating period. 

e. Potassium in sweat 

In contrast with sodium and chloride, the concentration of potassium in the 

sweat is almost always higher than the blood plasma concentration. The 
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evidence is so striking that values lower than the blood plasma level are prob
ably due to errors in method. The mean values given in the literature by 
different authors, and obtained by quite different methods in children as well as 
in adults, range from 6.0-16.0 mEq/L (Ahlman et al., 1953; Gochberg et al., 
1956; Schwartz et al., 1956;Hennequetetal., 1957-a; Clarke, 1961 ; Shwachman 
et al., 1962). Individual variations are also marked. This makes it impossible to 
establish one concentration for the potassium in sweat. The potassium con
centration is mostly found to be independent of the rate of sweating, or the 
variations are found to be much smaller than for sodium and chloride (Schwartz 
et al., 1956; Thaysen, 1960). Sweat samples obtained during the time, im
mediately following stimulation usually have a significantly higher potassium 
concentration. Kuno (1956) suggest that this extra potassium derives from a 
washing-out of the epidermis. But the same effect is demonstrated for other 
glands, e.g. the lacrimal glands (Thaysen et al., 1954) and the parotid gland 
(Burgen, 1956). For the parotid gland Burgen (1956) was able to show that 
immediately after stimulation the gland cells lose potassium to the blood as 
well as to the secretory product in exchange for sodium. Analogous with these 
findings it seems at least reasonable to suspect that contamination of the sweat 
with epidermal residues can not be the only explanation for this high initial 
potassium losses. 

After the initially high potassium concentration, transient phase, the potassium 
reaches a more or less constant value until very low secretory rates are obtained. 
This final increase in potassium concentration, observed by Kuno (1956), has 
not yet been confirmed by others, although Burgen (1956) finds a similar 
phenomenon on nervous stimulation of the salivary glands. 

ƒ. Lactate 

The concentration of lactate in the sweat is always much higher than that in the 
blood, ranging from 3.7 to 61 mEq/L (Mosher, 1933; Gochberg et al., 1956; 
Schwartz, 1960; Âstrand, 1963). 
The origin of this high concentration has been discussed many times. It cannot 
originate from the blood, because if the blood plasma level is raised the con
centration does not increase in the sweat (Weiner et al., 1952-b; Kuno, 1956; 
Âstrand, 1963). Nor can any flushing-out of the previously resting gland 
system explain the high concentration. 
Lactate is most probably produced by the gland cells themselves as the end 
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product of a glycolytic process. Histochemistry shows that glycogen disappears 
from the cells of the gland during sweating, so it seems reasonable to suppose 
that lactate originates from glycogen. Output of lactate is especially high at the 
initial stage of sweating (Whitehouse, 1935; Weiner et al., 1952-b; Astrand, 
1963). This might partly be explained by flushing-out of the gland, but may also 
mean that right at the start of the process of sweating, before cutaneous vaso
dilatation has taken place, some anaerobic metabolism provides the energy for 
work. It has long been known that the lactate concentration can easily be 
increased during sweating by arterial occlusion (Van Heyningen et al., 1952; 
Astrand, 1963). The lactate concentration does not seem to depend on the rate 
of sweating (Weiner et al., 1952-b). A direct correlation with the chloride con
centration of the same sweat specimen is described by Astrand (1963). Weiner 
et al. (1952-b) was, however, unable to prove this relationship, and Schwartz 
(1965) measured a reverse relationship between lactate and chloride (personal 
communication). No explanation for these findings is yet available, nor for the 
observation of Weiner et al. (1949) that the lactate concentration decreases 
during acclimatization to work at high ambient temperatures. The same 
characteristics are also true for pyruvic acid, another intermediate product in 
carbohydrate metabolism. Most of the workers currently in this field, therefore, 
believe that lactate and pyruvate originate from utilization of glycogen or 
glucose. Weiner et al. (1952-b) calculated that the energy involved in the 
osmotic work of the gland, even for the most diluted sweat sample, could be 
derived from the anaerobic utilization of glycogen as reflected by the lactate 
concentration of the sweat. 

g. Urea and ammonium 

As far as the urea concentration of sweat is concerned, many discrepancies 
appear. Great variations in concentration are described, but nearly all in
vestigators agree that the concentration in sweat, S, is always higher than in the 
blood plasma, P. Schwartz et al. (1953) determined a mean S/P ratio of 
1.72 ± 0.48. Gochberg et al. (1956) found 1.88, and Harden et al. (1963) de
termined a mean value of 2.36 ± 0.37, but Kuno (1956) observed a much 
smaller ratio. For the intermittently functioning palmar sweat gland, Lobitz et 
al. (1948) observed ten times the plasma concentration in the sweat. 
However, not only is the absolute value of the ratio a controversial point, so is 
the relationship with the rate of sweating. According to Bulmer (1957), Adams 
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et al. (1958), and Dobson (1962), the S/P ratio for urea is inversely proportional 
to the rate of sweating and decreases to unity at high rates. But Weiner et al. 
(1952-a) and Schwartz et al. (1953) established that the S/P ratio is independent 
of the rate of sweating. No definite explanation can be given for this discrepancy, 
but methodological influences are very probably responsible, to a certain extent 
at least. The group which found the urea concentration inversely related to the 
secretory rate used a method which allowed elaborated sweat to stay on the 
skin surface for a relatively long period. Contamination by the surface of the 
skin, and the possible influence of epidermal bacterial ureases, were not avoided. 
Schwartz et al. (1953), who studied the S/P ratio in mecholyl-induced sweating, 
observed that the S/P ratio was not only independent of the rate of sweating, 
but that the S/P ratio also remained constant despite a 50-fold variation in P. 
On the basis of these observations they concluded that urea is excreted in the 
precursor solution by a process of simple diffusion. Because no special secretory 
mechanism is apparently involved in this urea transport, the higher sweat con
centration may most easily be explained by postulating reabsorption of water 
in some portion of the gland relatively impermeable to urea. Since the S/P ratio 
remains constant, a constant fraction of the water had to be reabsorbed sub
sequent to the transport of urea into the lumen of the gland. This hypothesis 
enables Schwartz et al. (1953) to give some measure of the movement of water 
within the gland. If further research proves this to be a quantitative expression, 
the urea clearance of the sweat gland becomes of the same value as the inulin 
clearance test in the investigation of renal function. 

In comparison, there is less literature available on the ammonium concentration 
of sweat. Ammonium in sweat also exceeds the plasma level, and according to 
Whitehouse (1935) 35% of the total nitrogen in sweat is accounted for by 
ammonium. Much lower values are also reported, e.g. 3 % by Rothman et al. 
(1949). Data on ammonium concentration vary from 1 up to 35 mg %. Itoh et al. 
(1953) and Adams et al. (1958) found high initial values for ammonium. There
after the concentration falls and remains constant despite variations in the rate 
of sweating. The question whether ammonium is produced by the gland or 
originates from the epidermis is not yet solved. Itoh et al. (1953) demonstrated 
that human skin slices can produce considerable amounts of ammonium in the 
presence of glutamine and phosphate, but not in the presence of pyruvate. 
Amino acids other than glutamine did not result in the production of any 
ammonium. From these observations they concluded that glutamine is the 
precursor of ammonium, and that this reaction is catalyzed by the enzyme 
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glutaminase-I. Since no determinations have been done on isolated sweat 

glands, the location of the enzyme system remains obscure. 

h. Other dissolved constituents and the pH of sweat 

It is beyond the scope of this chapter to summarize all the dissolved substances 

in detail. Many other cations and anions are present in sweat, mostly only in 

trace quantities. Particularly, with these very low concentrations it becomes 

important to know to what extent these ions really are eleborated by the sweat, 

or by dermal loss due to desquamation of the skin. The importance of this 

question may be demonstrated by the experiments of Prasad et al. (1963) on 

iron. The mean concentration of iron in the sweat of their subjects was 120 

± 36 μg %. In the cell-free sweat, however, only 46 ± 11 μ§ % remained. 

For the organic compounds the same remarks apply, e.g. nearly all amino acids 

have been measured (Rothman, 1954 ; Hennequet et al., 1957-a ; Schwartz, 1960). 

But the extent to which they are derived from skin debris is uncertain. The 

sweat gland seems to be a good barrier to glucose, even in patients with diabetes 

(Lobitz et al., 1948; Rothman, 1954; Kuno, 1956). When administered to the 

circulation, however, phenol red, indigo, methylene blue, para-amino hippuric 

acid, several sulphonamides and hexamine can be determined in the sweat in 

measurable quantities (Plaggemeyer, 1914; Thaysen et al., 1953). Mucopoly

saccharides have also been determined (Jirka et al., 1957; Seutter et al., 1965). 

Many interesting observations have not yet even been mentioned, and for a 

more extensive description the reader is referred to the literature (Robinson et 

al., 1954; Rothman, 1954; Schwartz, 1960). 

But the pH of sweat needs our further attention. There is general agreement 

that the pH of sweat obtained from the eccrine glands is acid. Values from 3.8 

to 7.1 have been measured (Marchionini, 1928; Fishberg et al., 1932; Rothman, 

1954; Kleeman et al., 1955; Licht et al., 1957). At these low pH values, the 

carbonic acid/bicarbonate buffer system can not be very important, which is 

why several authors suggest that the lactic acid/lactate complex is the major 

buffer system in sweat. If the pK of lactic acid is taken as 3.85, the lactic 

acid/lactate conjugate will have an optimum buffering capacity around pH 4. 

A relation between pH and secretory rate has also been determined. Kittsteiner 

(1913) and Rothman (1954) measured a decrease in pH with increasing sweating 

rates; but the contrary has also been found (Kawata, 1953-a and 1953-b). 

By administration of bicarbonate or ammonium chloride to subjects, Rothman 
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(1954) observed corresponding pH changes in sweat, but Kleeman et al. (1955) 

was unable to confirm these observations. Furthermore, administration of 6063, 

a carbonic-anhydrase inhibitor, had no effect on the pH of the sweat. 

From the work of Thaysen et al. (1953) it became evident that the sweat gland 

cells were relatively impermeable to ions und much more permeable to neutral 

molecules. Investigating the situation with several suphonamides and para-

amino hippuric acid they observed a small SIP ratio if the substance was highly 

dissociated at the physiological pH, and a much greater S/P value for the nearly 

undissociated sulphonamides at this given pH. A pH gradient across the 

glandular epithelium may therefore result in unequal distribution of weak 

electrolytes, depending on the permeability to the neutral molecule and the 

relative impermeability to the specific ion. Based on these assumptions, the 

same workers were also able to calculate the expected pH of sweat after intra

venous infusion of α-amino hippuric acid. The calculated values corresponded 

to within 0.1 pH units to the directly measured pH. This experiment seems to 

be an elegant proof of the existence of a pH gradient between sweat and extra

cellular fluid. The mechanism, responsible for the low pH, is however not yet 

fully understood. 

5. F A C T O R S RESPONSIBLE FOR CHANGES IN THE 

ELECTROLYTE COMPOSITION OF SWEAT 

Not all the dissolved constituents will be discussed further, special attentions 

now being paid to the sodium chloride concentration of the sweat. 

We start with a table of the factors possibly responsible for changes in sodium 

chloride content (Table IV) that was possible to compile from the literature. 

Several of these influences on the concentration of salt in the sweat have already 

been discussed. The influence of hormones, and the effects of acclimatization, 

diet, and fluid balance in relation to sweat electrolytes do, however, require a 

little further consideration. 

Hormones and acclimatization. Acclimatization to heat is usually brought about 

by a routine of working in hot environment, but repeated passive elevations of 

body temperature also lead to the same effect (Fox et al., 1963). During the period 

of adaptation to high ambient temperatures, a marked decrease in sodium chloride 

concentrations is observed in the urine as well as in the sweat. Within 3 to 5 days 

the urine sodium chloride again rises to the level previous to acclimatization, but 
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TABLE IV. Factors responsible for changes in sodiumchloride 

Factor 

Age 

Disease 

Drugs 
Condition 
Diet 

Method 

Decreased NaCl-value 

Children 
Hyperadrenalism 
Hyperthyroidism 

DOCA, ACTH 
Acclimatization 
Salt restriction 
K-loading 

Low rate of sweating 

Increased NaCl-value 

Adults 
Hypoadrenalism 
Panhypopituitarism 
Hypothyroidism 
Severe infections : meningitis 
Chronic bronchitis 
Peptic ulcer 
Fibrocystic disease 
Pitressin resistant diabetes insipidus 

Dehydration 
Salt loading 

High rate 
Arterial occlusion 
Regional: palm sweat 

the sweat concentration remains low (Conn, 1949-a; Conn et al., 1950). A high 
simultaneous excretion of aldosterone in the urine could also be detected (Collins 
et al., 1955). Very similar results are obtained by administration of DOCA or 
ACTH (Conn et al., 1947 and 1949-b), the sweat electrolytes remaining low as 
long as DOCA or ACTH administration is continued. The urine sodium 
chloride demonstrates the same escape phenomenon as that observed during 
acclimatization (May, 1965). These findings suggest that acclimatization is 
attended by increased adrenal cortical activity. The effect of aldosterone on 
sweat was described by Schwartz (1960) and May (1965). Elevation of potassium 
concentration and a simultaneous decrease in sodium concentration were found. 
The reverse effect was obtained by administration of spironolactone (Collins, 
1966). One item still requires discussion. Earlier papers (Ladell, 1945; Conn, 
1949-a) established a response time of about 24 hours after administration of 
corticosteroids to the sweat glands, but the kidney tubules, the salivary glands 
and the toadbladder are reported to react to aldosterone within 1 to 3 hours. 
Very recently Collins (1966) demonstrated that the sweat gland response was 
not as sluggish as was observed by Ladell and Conn. He found that after a much 
shorter time, 4-6 hours after administration of aldosterone, the Na/K ratio in 
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sweat decreased. This agrees with our own results, which will be discussed in 
Chapter III. 
After this short discussion, it will be no surprise that varying influences of 
hormones on sweat electrolytes are observed in different clinical situations. Low 
sodium chloride values in sweat are measured in patients with Cushing's syn
drome and in patients with adrenogenital syndrome. High values are found 
in Addison's disease, but treatment of the disease restores normal values (Conn 
et al., 1947; Conn, 1949-b; Locke et al., 1951). No effect of ADH on the sweat 
glands has ever been demonstrated (Amatruda et al., 1953; Pearcy et al., 1956; 
Ratner et al., 1964). In pitressin-resistant diabetes insipidus, however, high 
sodium chloride values are reported (Lobeck et al., 1963; Plöchl et al., 1965). 

Homeostatic functions. Since the kidney regulates the salt and water balance of 
the organism, it would be interesting to know if the sweat gland could do so 
as well. Bendix (1904) described a direct relationship between the two organs. 
Firstly, he was able to suppress an alimentary glycosuria by sweating the 
subject profusely. Secondly, though he could not alter the normal osmolarity 
of the blood by sweating, he did succeed in lowering the hypertonicity towards 
normal values. In patients with chronic glomerulonephritis, Whitehouse (1935) 
found a raised urea concentration in the sweat. But many authors do not believe 
in any direct correlation between kidney and sweat gland function (Plagge-
meyer et al., 1914; Mosher, 1932; Amatruda et al., 1953; Kleeman et al., 1955). 
A completely different question is whether a certain stress applied to the 
normal state of biological equilibrium of the organism would not result in the 
kidneys responding as well as the sweat glands. In the preceeding pages, the 
influence of hormones has already been mentioned. Ahlman et al. (1953) who 
overhydrated his subjects, found no significant alterations in sweat electrolytes. 
In subjects with restricted salt intake Robinson (1954) and Robinson et al.(1955) 
observed that the kidneys were already conserving salt after 2 hours. The sweat 
glands needed from 8 to 25 hours before a clear response could be determined. 
The salt conserving activity of the kidney, as well as of the sweat gland, de
creased if the subjects were also dehydrated. Administration of fluid during the 
experiment, with continuous salt depletion, again increased the salt conserving 
mechanism (Robinson et al., 1956). In dehydrated subjects the rate of sweating 
decreases (Pearcy et al., 1956; Lichton, 1957-b). Leithead et al. (1960) also 
observed a progressive decrease in sweating rate during dehydration. 
Depletion of water does not, however, seem to be the only causal factor in this 
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respect. The raised tonicity of the extracellular fluid may be of much greater 
importance. Amatruda et al. (1953) in fact measured a lower rate of sweating 
in conditions of hypertonicity of the interstitial fluid. 
The conclusion seems to be justified from the literature that no direct correlation 
exists between sweat gland and kidney. Both are able to react to stress situations 
by conserving salts, but the kidney responds quickly while the sweat gland needs 
much more time. 

6 . A R G U M E N T S F O R R E A B S O R P T I O N I N T H E D U C T O F T H E G L A N D 

Since the sweat elaborated on the skin surface is always hypotonic with respect 
to blood plasma, several explanations are given for this diluting effect of the 
sweat gland. The sweat gland is a secretory gland, and there are no histological 
or functional arguments available to suggest that ultrafiltration takes place in 
the coil. So the parent fluid is a secretory product, which could be hypotonic, 
isotonic or hypertonic when formed. Kuno(1956), in proposing his 'skin-
chloride-shift in sweating' theory, suggests that the primary fluid is hypotonic 
and that the duct plays a purely passive role. A hypotonic parent fluid is also 
secreted according to Shuster(1963). Against these conceptions, many in
vestigators believe that the parent fluid is isotonic to blood plasma and that 
reabsorption of solute subsequently takes place, rather than water secretion. 
Morphological and histological arguments for the fact that the duct is active 
during sweating are numerous. 

As already discussed in the first section of this chapter, the duct (luminal) wall 
contains microvilli, a typical phenomenon found in most reabsorbing systems. 
During sweating, the cells of the ducts lose their glycogen (Lobitz et al., 1955; 
Dobson et al., 1958; Dobson, 1962). On repeated stimulation the duct cells 
become refractory and cease to lose glycogen. At the same time, the chloride 
concentration of the sweat increases (Sargent et al., 1962). Many enzymes are 
known to be present in the duct cells (Lobitz et al., 1955; Montagna, 1962; 
Loewenthal et al., 1963). Thompson (1960, 1962) demonstrated, in surviving 
and apparently functional sweat glands of skin grafts with completely ob
structed duct, the existence of resorptive mechanisms in the sweat tubule. 
Evidence for electronegativity along the inner side of the ductal end was given 
by Sulzberger et al. (1950). 

Most of the fuctional arguments are already given in the preceeding sections. 
A short summary will thus suffice here. If the osmolarity of the sweat on the 

24 



skin surface is always hypotonic to plasma, and the osmolarity of the parent 
fluid is found to be isosmotic (Siegers, 1963,1964-b; Schulz et al., 1965) this 
strongly supports the idea of a reabsorptive process in the duct of the gland. 
Moreover, the sodium concentration of the parent fluid seems to be comparable 
to that of the interstitial fluid (Bulmer et al., 1956; Schulz et al., 1965). But the 
sodium concentration of the elaborated sweat is always much lower. Water 
secretion into the lumen of the duct seems highly improbable; only sodium 
reabsorption offers a reasonable explanation. Although the described effects 
of mineral corticosteroids do not prove reabsorption in the duct of the gland, 
they favor the suggestion that reabsorption has taken place somewhere. 
Lloyd (1959), studying the sweat glands of the footpads of the cat, also found 
evidence for ductal reabsorption. Electrical stimulation of the plantar nerve 
results in visible sweat secretion. After a long resting period, sweat droplets 
became visible after about 60 seconds, while electrical stimulation after a short 
resting period resulted in a rapid response (21/2 to 3 seconds). In this case, the 
duct was full of sweat, and the latent period of 21/2 to 3 seconds therefore re
presents the time necessary for sweat production. Varying the duration of the 
resting periods, Lloyd (1959) demonstrated that duct-filling became less as the 
resting period increased. Based on these observations he postulated that the 
secretion of sweat is a rapid process whereas reabsorption is a much slower 
process. However, these conclusions, reached on the sweat glands of the cat, 
need to be treated with some caution, since the glands of these animals are not 
fully comparable with human sweat glands (Munger et al., 1961-a; Brusilow et 
al., 1962; Hayashi et al., 1963). 

One of the most direct arguments for active ductal reabsorption is given in a 
paper by Schulz et al. (1965). They measured a potential difference of about 
40 mV between the duct lumen (negative) and the surrounding tissue of the 
gland. After administration of strophantine to the duct, the potential difference 
decreased and the sodium concentration of the sweat simultaneously increased. 
All these data on the activity of the sweat gland duct, taken together, provide 
strong evidence for ductal reabsorption of solute. 

7. SWEAT GLAND DEFECTS IN FIBROCYSTIC DISEASE 

a. Introduction 

Fibrocystic disease is a generalized heriditary disorder of children and adults 
in which symptoms of pancreatic insufficiency are combined with those of 
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chronic pulmonary disease and with changes in several glandular systems. 

The transmission bears a recessive character, and the frequency is estimated 

1 in every 1.000 live births. Calculations based on genetic studies indicate that 

the incidence in heterozygous individuals is 4 to 6% (Childs, 1960). The clinical 

picture is always severe and may vary markedly between different children. In a 

high percentage of the cases, pancreatic achylia develops (di Sant'Agnese, 1956; 

Pray, 1964), resulting in meconium ilius immediately after birth, or subsequent

ly in intestinal malabsorption with the presence of large amounts of fat in the 

faeces. Up to 80% of the pancreas, however, may show pathological changes at 

autopsy, without any enzymatic defect being detected during life (Klinke et al., 

1958). The onset of pulmonary involvment may occur from within a few weeks 

of birth to a period of some years. During the course of the disease the gener

alized obstructive emphysema and bronchopneumonia become progressive, and 

are the usual cause of death. Cirrhosis of the liver with portal hypertension is 

also observed (di Sant'Agnese et a l , 1956). In 92% of the cases the submaxillary 

glands are enlarged (Barbero et al., 1962). 

Most of the clinical symptoms mentioned are probably based on the morpho

logical and chemical changes observed in the exocrine glands. For this reason, 

the glands may be divided into three categories, (Andersen, 1962): 

a. those glands in which secretion precipitates or coagulates to form con

cretions in glands and ducts; 

b. those glands in which distention of the ducts occurs as a result of hyper

secretion of mucus-like material ; 

с serous glands in which no morphological changes are found. These glands, 

however, produce an abnormal product, e.g. high electrolyte concentrations. 

Among them are the sweat glands. 

b. The sweat gland 

There are several reasons for the sweat gland attracting so much interest in the 

course of research in fibrocystic disease. Firstly, it became clear that more than 

99 % of patients showed abnormally high electrolyte concentrations in their 

sweat, no other abnormality being so frequently found. Secondly, sweat can be 

readily obtained, in contrast to duodenal fluid, making the sweat test an elegant 

and comparatively simple diagnostic tool. And thirdly, a study of the secretion 

product of the sweat gland implies study of the secretions of a morphologically 
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intact gland. So the abnormality found could not be the result of secondary 

changes in the gland, but is always a reflection of the basic defect in that gland. 

Moreover, if necessary, the gland itself is easily available for all kinds of 

research. No morphological alterations have yet been observed, either in the 

secretory portion or in the duct. There are no differences in size (Cawley et al., 

1963); no abnormal cells are found; the only differences lie at electron micro

scopic level. The mucoid cells of the secretory portion contain fewer secretory 

vacuoles than normal, and unidentified dense bodies are more numerous in all 

cells of the secretory portion in fibrocystic disease (Munger et al., 1961-b). These 

differences are not absolute but only relative, and are thus difficult to prove 

conclusively at the moment. Histochemical alterations are not found either 

(Gibbs, 1960; Gibbs et al., 1963, 1964). Moreover, the number of active glands 

per cm2 skin surface is equal to the number in control children, when both are 

stimulated thermally (Gibson et al., 1963). 

с. Chemical composition and the rate of sweating 

The rate of sweating is found to be the same in children with fibrocystic disease 

as it is in normal ones (Darling et al., 1953; Barbero, 1960; Gibbs, 1960; 

Shwachman et al., 1962; Sibinga et al., 1963; Segar et al., 1965), although the 

spontaneous night sweating rates should be elevated (Sibinga et al., 1961). With 

regard to the organic constituents, no abnormal concentrations are found for 

lactic acid, pyruvic acid, malic acid or citric acid. The urea concentration is also 

not different from normals (Gochberg et al., 1956; Gibbs, 1960; Clarke et al., 

1961). Cystic fibrotics have a significantly higher level of acetylcholine in their 

sweat (Eyerman et al., 1961) and the mucopolysaccharide fraction is also 

changed. (Pallavicini et al., 1962). The most characteristic differences are ob

served in the electrolyte content of the sweat. The sodium chloride concentration 

in particular is elevated, but so is the potassium and so to a lesser extent is the 

calcium content. In the calcium, there is a great overlap between the values for 

normal controls and patients with fibrocystic disease. So the three major elec

trolytes remain open to discussion. 

Crital examination of the literature reveals that, in general, the overlap in values 

found for sodium between controls and patients is somewhat greater than that 

for chloride. This is of course of interest when the determination of sodium or 

chloride concentration in sweat is used for diagnostic purposes. In contrast to 

sodium chloride, the potassium overlap seems rather marked, which is why only 

27 



TABLE V. Sodium-chloride ratios calculated from mean values 

Na/Cl ratio - Controls Na/Cl ratio - Patients Source 

1.03 
1.13 
1.17 
1.13 

1.20 
1.18 
1.25 
1.18 
1.67 

0.97 
0.99 
0.98 
0.98 
0.89 
1.07 
0.89 
0.87 
1.05 
0.77 

Barbero et al. (1956) 
Gochberg et al. (1956) 
Webb et al. (1957) 
Barbero et al. (1959) 
v. Benthem (1959) 
Màkelà et al. (1959) 
Fanconi (1961) 
Shwachman et al. 1962) 
di Sant'Agnese et al. (1962) 
Richterich et al. (1963) 

sodium er chloride concentrations are usually reported. Although the overlap 
in these values is minimal, there are always borderline cases, which makes it 
necessary to establish an upper limit for the normal controls. Wood et al. (1959) 
and di Sant'Agnese et al. (1961) established 50 mEq/L for the upper chloride 
limit, but somewhat higher values are more generally accepted for sodium as 
well as for chloride, namely 70 mEq/L. Out of 191 control children, McKendrick 
(1962) only once measured a sodium concentration in excess of 70 mEq/L, 
while 5 of the 100 children with fibrocystic disease had a value below 70 mEq/L. 
Hennequet et al. (1957-b) are even more cautious, suggesting leaving a transition 
zone for borderline cases. 

From Table V it becomes evident that most of the authors established a sodium 
chloride ratio higher than 1 in the control group, while values lower than 1 are 
often obtained in fibrocystic disease. This observation appears interesting but 
is not studied in detail, and not enough data is available to confirm this ratio 
for individual subjects. If, however, this characteristic appears to be significant, 
a second worth wile criterion may be added to the sweat test as a diagnostic tool. 
Several factors affecting the sodium chloride concentration in sweat were dis
cussed in section 5, among them being the dietary salt intake and the hormonal 
status of the subject. In the normal subject (child as well as adult) the excretion 
of salt with sweat decreases markedly after restriction of salt together with 
administration of corticosteroids. In children with fibrocystic disease this 
reaction is very often absent or much less pronounced (di Sant'Agnese, 1959; 
Wood et al., 1959; di Sant'Agnese et al., 1962, 1964) in comparison with normal 
controls. These children therefore demonstrate a deficient physiological re-

28 



sponse to this type of stress. On the other hand, they show good conservation 
of urinary sodium on salt restriction alone without addition of steroids. This is 
quite different in patients with adrenal insufficiency. The typical defect in sweat 
gland response to salt restriction and administration of corticosteroids is also 
used to study the heterozygote carriers of the gene, e.g. the patients' parents. 
di Sant'Agnese et al. (1961, 1962), who studied 85 parents of children with 
fibrocystic disease, found elevated chloride concentrations in the sweat in 17% 
of them. Wood et al. (1959) observed higher electrolyte levels in 14% of the 
parents. In contrast to the patients, however, these parents showed a normal 
drop in electrolytes in response to salt restriction and administration of steroids. 
At the moment, doubts still persist as to whether this test is reliable enough to 
differentiate the heterozygote carrier of fibrocystic disease from the non-carrier. 
This can be illustrated by the work of Orzalesi et al. (1963) who studied 102 
parents of fibrocystic disease patients and compared this group with 52 parents 
of children who had not got the disease. No differences were detected between 
the two groups either in the sodium, chloride and potassium concentrations of 
the sweat, or in pulmonary function tests. Karlisch et al. (1962) also believe that 
it is impossible to trace the individual heterozygote on the basis of the sweat 
test. The discrepancies in literature become even worse if the sweat test is also 
applied to patients with chronic bronchitis, chronic pulmonary emphysema, 
peptic ulcer, and allergic diseases like asthma (Koch, 1959; Peterson, 1959; 
di Sant'Agnese, 1959; Wood et al., 1959; McKendrick, 1962; Muir et al., 1962; 
Van Tongeren, 1962; Tozer, 1964). We therefore have the impression that the 
sweat tests in adults must first be worked out in more detail before reliable 
results can be obtained. There is no doubt, however, that for the paediatric age 
group the sweat test remains a valuable and reliable tool in the diagnosis of 
fibrocystic disease. 
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Chapter II 

D E S C R I P T I O N A N D D I S C U S S I O N OF M E T H O D S 

I N T R O D U C T I O N 

In any study of the physiology of the sweat gland, one cannot escape the need 
for collecting the sweat in some way. If this sweat sample then has to be analyzed 
quantitatively, evaporation must be carefully avoided. The sweat gland could 
hardly be confronted with a less physiological set of requirements. For this 
reason, the methods employed in the present study are discussed in some detail. 
Only the eccrine sweat glands of the volar surface of the forearm were used, 
except for that part of the study where punch biopsies were required, and these 
were taken from the back. There are three reasons for studying the sweat glands 
on the volar surface of the forearm. In the first place there are no apocrine 
glands in this area, and secondly these sweat glands are easily accessible, even if 
the subject has to perform work as part of the experiment. It is also important 
for the results to be correlated with most of the data in the literature, because 
many investigators make use of this same area of skin. 

1. STIMULATION OF SWEAT SECRETION 

a. Thermal stimulation 

If heat is applied to the body, or heat is generated by metabolism, the eccrine 
glands - with the exception of the ones on the palms, the soles and the fore
head - start to produce a watery secretion. In both cases, this watery fluid plays 
a part in thermoregulation, although there is far more to this process than the 
mere secretion of sweat, since the central nervous system, respiration, and the 
circulation are all involved. Very little is, however, known about the influences 
these physiological entities have on the amount of sweat delivered and its 
composition. 
In our studies these possible influences therefore had to be avoided, and this 
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was the chief reason why we did not generally use thermal stimulation. Another 
argument against the use of thermal stimuli is that in this case the sweat is 
always collected in a warm environment. This makes it very difficult to work 
quantitatively, because evaporation is accelerated by the high ambient tem
perature. Only in two control subjects and in one patient we used thermal 
stimulation, and in these cases the composition of the sweat delivered to the 
skin surface was not measured, the only intention being to stimulate the glands 
into activity for the purpose of punch biopsies. These subjects, like the patient, 
were seated on a chair in a simple wooden box (sauna), closed on top with a 
plastic sheet. Three quartz lamps mounted inside served as a heat source. In 
general, a stay of about three quarters of an hour at a temperature of 400C was 
enough to produce profuse sweating and ensure that the glands of the back 
were active. 

b. Injection of acetyl-$-methylcholine 

Except in that part of the study for which skin biopsies were needed, it was 
desirable to stimulate the sweat glands only over a small area of skin. The 
reasons are discussed in the preceeding section. This does, however, involve 
the choice of a local stimulus, since only then can we be sure that no other 
regulatory mechanisms are interfering with the glands under study. In addition, 
this type of stimulation has the advantage of producing maximum activity in 
the glands a short while after stimulation, after which the activity gradually 
decreases with the passing of time. This enables one to follow the secretion as 
well as any possible reabsorption in the gland at different levels of activity. If, 
furthermore, the drug used in local stimulation is injected into the skin it is 
easy to administer always exactly the same amount. For this reason the injection 
method will often be preferred. A further advantage is that if, say, equivalent 
skin areas of both forearms are given such an injection simultaneously, we may 
presume that the sweat glands on both sides are also being stimulated 
equally. This assumption does, of course, need to be verified, but if it is found 
to be correct, the data obtained from two skin areas will be comparable. 
Many different drugs are used to stimulate sweat secretion, but the only one 
which proved useful in practice was acetyl-ß-methylcholine chloride1. It is, 
however, a very powerful parasympathomimetic drug which must be handled 
with care. Side-effects are practically never mentioned in the literature, but we 
1 mecholyl (Merck and Co., Jnc, Rahway, N.J., USA) 
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encountered several complications while working with this drug, even at low 

concentrations. We have injected acetyl-ß-methylcholine chloride intracutane-

ously 45 times in doses varying from 1.5 to 2 mg. Within 3 to 4 minutes after 

injection we observed a heat flush in the face nine times and hyperventilation 

five times. Eight times the subject complained of pressure in the ears with 

hammering in the head. These sensations normally disappeared within 5 minutes, 

but one subject suffered acute cardiac arrest 15 minutes after the injection. 

Rapid intravenous administration of г mg atropine corrected this dramatic 

response. 

The drug has to be dissolved in saline. Helbing (1963) investigated whether 

saline solution had any influence on the composition of the elaborated sweat. 

He also dissolved the drug in isotonic mannitol solution and compared the 

findings obtained by the use of these two mixtures. The solvent had no de

monstrable effect on the composition of the sweat. One of the arguments for 

the use of mecholyl was the assumption that equal amounts applied in exactly 

the same way to two different but comparable skin areas were bound to result 

in equal response of the glands. To test this assumption we injected mecholyl 

( I 1 J2 mg) intracutaneously into the volar skin of both forearms. In Fig. 2 the 

mean sweat rates measured in 4 subjects on both arms is plotted against time 

after stimulation (for the units in which rate of sweating is expressed, see next 

section. As seen from the figure the rate of sweating measured on one arm is 

comparable with that observed on the other. The same holds for the major 

electrolytes dissolved in the sweat. Once again, 4 subjects were tested (Table VI). 

V (mg. 10 cm"2, m i n l ) . 

5 

4 

3 

2 • 

1 

FIGURE 2. The rate of sweating, measured at comparable skin 
areas of the right and left forearm 
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TABLE VI. Sodium, potassium, and chloride concentrations (mEq/L) 
measured in sweat of comparable skin areas 

Sodium Potassium Chloride 
mEq/L mEq/L mEq/L 

Subject Forearm Forearm Forearm 

Right 

30.9 
71.5 
70.0 
58.7 

Left 

31.9 
74.1 
74.7 
66.1 

Right 

8.05 
7.66 
8.35 
6.19 

Left 

7.99 
7.72 
8.07 
6.45 

Right 

23.2 
41.5 
44.2 
31.1 

Left 

23.2 
40.1 
44.9 
37.0 

There were marked differences between subjects, but the figures agree reason

ably well in one subject. We may therefore conclude that the differences between 

the subjects are physiological, and not introduced by methodological errors. 

с Iontophoresis of pilocarpine 

In 1959 Gibson and Cooke introduced iontophoresis in sweat generation. Two 

electrodes are placed on the skin, one at the area where the sweat glands are to 

be activated and, the other at some distance from the first, usually on the upper 

arm. A cotton gauze soaked in 200 mg % pilocarpine solution is placed between 

the skin and the first electrode. The second electrode makes contact with the 

skin by means of a piece of gauze soaked in an electrolyte solution (0.07 N 

NaHCOa or 0.0005 N H2SO4). If the first electrode is connected to the positive 

pole of a battery and the second to the negative pole, a current flows through 

the skin. In this way the pilocarpine penetrates the skin and reaches the sweat 

glands. If a milliammeter and a variable resistance are included in the circuit, 

the current flowing through the skin can be controlled. In our experiments we 

used a current of 4 milliamps for 5 minutes. Any type of electrode can be used 

for this purpose. The electrodes used in electrocardiology are quite suitable, 

although electrodes made of fine brass gauze have the advantage of following 

the curve of the arm easily. The electrode must never make contact with the 

skin directly, since the total current will then flow through this small surface 

of low resistance, which is painful and results in burns. 

The circuitry is very simple (see Gibson et al., 1959) and inexpensive, the method 

is harmless, and causes no pain if applied properly, and is thus particularly 
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suitable for clinical use. A disadvantage of the method is that sweat secretion 
starts during iontophoresis and administration of the drug cannot be repeated 
on the other arm in exactly the same quantity. For most experimental work, 
however, this method suffices. 

2. COLLECTION OF SWEAT 

a. Punch biopsies 

One of the projects of this work was to determine the concentration of the 
sweat at different levels in the gland. For this purpose we chose the cryoscopic 
method introduced by Wirz et al. (1951). This method, however, requires frozen 
slices of skin, for which one has to start with a skin biopsy. 
The skin on the back of the patient or normal subject is cleaned and dried care
fully. Secretion of sweat is stimulated by a sauna or by intradermal injection 
of mecholyl. When secretion is profuse, the skin is blotted with a towel and a 
small area between the shoulderblades is rapidly frozen with a cotton plug 
soaked in liquid nitrogen. Because the temperature is so low (—1970C) the 
total skin in this limited area freezes instantaneously. There are two arguments 
in favor of this method. Firstly, the sweat gland is suddenly fixed in its activity, 
capturing a given situation as if in a snapshot. Secondly, freezing the skin 
before taking the skin biopsy replaces anesthesia. The skin specimen is drilled 
out with a 4 mm punch. The frozen tissue is rapidly removed from the under
lying tissue with scissors und put into liquid nitrogen. In this way the tissue can 
be transported to the cryostat. It is then taken out of the fluid and allowed to 
reach equilibrium with the temperature in the cryostat (—25 °C). 
Taking punch biopsies in this way does no harm. Healing is normal and the 
scar remaining is barely visible after a few months. 

b. Anaerobic collection of sweat in glass capillary tubes 

We used two different methods to determine the total osmolar concentration 
of the sweat on the skin surface, measuring the depression of the freezing point 
and determining the electrical conductivity. For the first, it was necessary to 
collect newly formed sweat droplets in quartz capillary tubes, avoiding the 
slightest evaporation. The capillaries have to be made of quartz because 
ordinary glass releases electrolytes, and this prevents one obtaining repro-
ducable results. 

34 



FIGURE 3. Cup used for sweat collection 

After cleaning the volar surface of the forearm with distilled water and drying 

with ethanol, a thin needle (5/40) filled with isotonic saline was introduced into 

the skin. A p.v.c. ring was then glued to the skin with rubber cement, the centre 

of the ring being placed on the spot where the top of the needle is visible. The 

ring has an internal diameter of 3.6 cm and a height of at least 10 mm (Fig. 3). 

In this way it was possible to fill the enclosed space with an electrolyte-free 

paraffin oil which covered the total skin area with a barrier impermeable to 

water. 1.5 mg mecholyl is injected through the needle and the rise of a sweat 

droplet is observed by stereo microscope. 

If the quartz capillary ( ± 10μ diameter), connected to a suction pump, is in

troduced into the oil, a little will be sucked up. Touching a sweat droplet will 

suck it up and a little more oil will enter the capillary during removal. With a 

little experience it is possible to collect about 3 sweat droplets every 5 minutes 

from a very small area of skin. Using a capillary as a scraper, the same area can 

be cleaned of droplets and so prepared for another period of collection. In this 

way we followed the sweating process for 50 minutes. The great advantage of 

this method is that sweat is collected under anaerobic conditions, and sweat is 

obtained which hardly came into any contact with the skin surface after 

elaboration. 

The cryoscopic estimation is described in a subsequent section. 

c. The use of the cuvette in continuous recording of conductance 

As we have already said, we selected conductivity as our second index of total 

osmolarity. In general, however, the amount of sweat elaborated is too small to 

fill the space between the electrodes of a conductivity cell. In addition, we wished 

to study the changes in osmolarity during stimulation of sweat secretion, so 
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some method of continuous recording was required. To compensate for the 
first drawback, the sweat might be diluted with deionized water. Dilution of 
the sweat has several other advantages. First, if water is pumped into the same 
space where the sweat is collected, not only does the quantity become sufficient 
but the sweat is carried to the measuring cell. The second advantage is that in 
the diluted specimen the activity coefficients of the electrolyte solutions are 
reduced to very low values. Finally, evaporation is avoided. After some ex
perience the cuvette shown in Fig. 4 seemed to satisfy our requirements. After 
the skin had been prepared in the same way as mentioned previously, the 
cuvette was glued to the skin, with the center just above the tip of the needle. 
A miniflow pump (LKB type 4501) is connected to the cuvette. This pump has a 
very constant rate of flow: in a series of 15 control determinations, we found a 
flow rate of 0.786 ml/min, with a range of 0.7831-0.7923 ml/min. At the be
ginning of each experiment, a certain value for the conductivity is found as salt 
stored in the outer layers of the skin passes into solution. The pump is therefore 
allowed to move deionized water through the cuvette for about a quarter of an 
hour before starting the experiment. From preliminary experiments it became 
clear that the reliability of the measurements was strongly influenced by mixing 
the sweat with water. For this reason, a perspex rotor was built into the cuvette. 
The rotor contains a strong permanent magnet and is mounted on bearings 
about an axis. A magnetic stirrer at a little distance away is strong enough to 
drive this rotor. Since the rotor is massive, the volume of the cuvette remains 
small (2.5 cm3). 

When all preparations are complete, the mecholyl is injected through the al
ready inserted needle. Immediately after this, the needle is extracted and 
measuring commenced. 

FIGURE 4. Cup used in measurements of the conductance. 
For detailed description see text 
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d. Absorption by filter paper discs 

To measure the quantity of sweat produced in a certain time on a limited area 

of skin, we followed the method introduced by Dole et al. (1951). After local 

stimulation of sweat secretion, weighed filter paper discs are put in a chamber 

glued to the skin. The sweat is absorbed by the paper, the amount being 

established by reweighing the disc. 

To avoid evaporation during absorption of sweat, the chamber must be air

tight. For this purpose we used the p.v.c. ring, previously described, but closed 

with a plug of the same material (Fig. 3). If both ring and plug are fitted to

gether there is a г mm space left between the plug and the surface of the skin. 

This space is filled by the filter paper, leaving no dead space. A little stopcock 

grease between the upper surface of the ring and the plug makes the chamber 

completely airtight, while the plug can be removed at any moment and the disc 

exchanged for a new one. 

3. METHODS EMPLOYED IN MEASUREMENT 

a. Measuring the amount of sweat 

After the foregoing description, this needs but little supplementary discussion. 

The filter paper disc can be weighed in a weighing bottle with a high degree of 

accuracy, an increase in weight of 0.1 mg can easily be detected. The area of the 

filter paper discs used was 10 cm2, equal to the area of the enclosed skin. 

Exactly the same time was always taken (usually 5 minutes). The increase in 

weight i.e. the amount of sweat elaborated, can be given in terms of mg sweat 

per 10 cm2 skin surface per minute (mg · 10 cm - 2 • min - 1). Although this ex

pression is not strictly comparable with either conventional metric system 

(c.g.s. or M.K.S.) we still chose this unusual form in order that our data should 

be comparable with the majority of the literature data in this field. Since the 

specific gravity of sweat is essentially equal to 1, the dimensions of the quantity 

of sweat can be written as : cm3 • c m - 2 · min - 1 = the rate of sweating. In the 

figures and in the text we use the symbol V to denote rate of sweating. The 

specific gravity of sweat varies between 1.001 and 1.006, (Rothman, 1954). By 

accepting 1.000, as in the foregoing description, a slight error is introduced, but 

this will always be less than the inaccuracy of the procedure itself. 

During the collection period no mistakes can be made. Only when the filter 
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paper is removed from the chamber and transferred to the weighing bottle can 

some evaporation take place. 

In a preliminary experiment we examined this possible error. Filter paper discs, 

wetted with an amount of water comparable to the amount of sweat, were 

repeatedly transferred from cup to weighing bottle. From 16 such determinations 

it became clear that even in this very short time 1.3% (S.D. ± 0.3%) of the 

elaborated sweat disappeared by evaporation. From these figures we may con

clude that in other procedures, which are often more complicated and far more 

time consuming, substantial changes in electrolyte concentration may be in

troduced by evaporation. We did not correct our values since this 1.3 % depends 

not only on the amount of sweat absorbed by the filter paper but also on the 

temperature and relative humidity of the air in the room in which the experi

ment is carried out. These two ambient conditions were not measured during 

the experiments. A possible error of about 1.5% is therefore inherent to this 

method. 

b. Measuring the osmolar concentration of sweat 

b. I The cryoscopic method 

Theory 

Osmotic pressure, depression of the freezing point, depression of the vapor 

pressure and elevation of the boiling point are all colligative properties of a 

solution. This means that they are independent of the chemical nature of the 

substance, and dependent only on the number of particles dissolved. The 

particles decrease the activity of the solvent, and thus its thermodynamic 

potential. The colligative properties are reflections of this decrease. In very 

dilute solutions this decrease in thermodynamic potential is proportional to 

the number of dissolved particles; in other words to the concentration of the 

substance. For technical reasons the osmotic pressure is almost never measured. 

On the other hand, the depression of the freezing point is very frequently used 

to determine the osmolar concentration of a fluid. For a very dilute and non-

dissociated solution in water, we have the following very simple relationship: 

Δ T f = Kf с 

If every molecule of the dissolved substance is completely dissociated (into 

i particles) then the equation becomes: 

Δ Tf= Kf i с 
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where Δ T r = measured freezing point depression in 0 C ; 

Kf = the molar freezing point depression of water. 

If 1 grammolecule of a non-dissociating substance is dissolved 

in 1 kilogram water, the freezing point depression of the so

lution equals 1.86°C. 

с = concentration in mol/L 

The freezing point depression measured is therefore proportional to the con

centration. In biological fluids, however, we are dealing with solutions which 

cannot be treated as ideal dilute solutions, since the concentrations are too 

high. Particularly in the case of solutions of electrolytes, this will result in 

electrostatic interactions between particles. For this reason, the overall observed 

effect cannot be considered merely as a reflection of the real number of particles. 

The observed freezing point depression therefore does not measure the real 

concentration. This deviation from the ideal behavior can, however, be cor

rected by introducing an empirical factor: f, the osmotic coefficient. The 

apparent concentration measured by the freezing point depression is called the 

activity (a) and is equal to : a = f · с. This activity is, however, the effective 

osmolar concentration, which is very important in studying physiological 

processes, because it provides information about the osmotic pressure difference 

which exists on the two sides of a membrane. The concentration is expressed in 

mol/L, though, it would be more accurate to express it in mol/kg water 

(molality). For most biological fluids, however, these differences are so small 

that they can be neglected, and the more familiar concept of molarity will be 

retained. 

Principle 

For this study it was necessary to find a reliable method for the determination 

or freezing point depression in very small amounts of fluid. In general, this 

determination is made by placing the sample in a freezing mixture and following 

the drop in temperature over a certain period of time. In this procedure it is, 

however, difficult to avoid the phenomenon called 'super-cooling' (Fig. 5A). 

Since stirring can only reduce the degree of super-cooling, no accurate measure

ments are possible in this way, especially in micro-quantities of fluid, where 

stirring is impossible and deviations from the true value caused by this effect 

might be considerable. In 1913 Drucker et al. published a cryoscopic method 

applicable for fluid volumes of 0.002-0.005 cm3. Instead of a freezing curve 
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Super cooling Time Time 

FIGURE 5. The difference between a freezing and a melting curve 

(curve A, Fig. 5) they record a melting curve (curve B, Fig. 5). The sample 
is first cooled very rapidly and hard enough to ensure that it is completely 
frozen, and then allowed to warm up very slowly. The temperature at which 
the last ice crystal disappears is taken as the real melting point (point M). This 
point is the only point on the curve at which the solid (solvent) phase is still in 
equilibrium with the original liquid phase, i.e. with a solution of the same 
concentration as that of the original sample. At all places on the curve to the 
right of this point, ice crystals are in equilibrium with a more concentrated 
liquid phase, while to the left of this point only the original solution exists. 
For accurate measurements it is important to realize what is happening during 
the warming-up process. To begin with, only solid phase is warmed-up, but if 
the flow of heat continues, the ice crystals become surrounded by a solution of 
high concentration. During further heat input, ice crystals will melt, and the 
concentration of the liquid phase decreases. For this reason it is logical for the 
warming-up procedure in the flatter part of the curve to proceed very slowly. 
Here, only a few ice crystals are surrounded by a relatively large volume of 
liquid, and equilibrium of concentration in this phase depends on diffusion of 
the molecules or ions in this solution (assuming the sample is not stirred). 
Point M can therefore only be measured accurately if during the last part of the 
melting curve, heat input is very slow. Only then can uniformity of temperature 
as well as composition of the melting system be guaranteed. 
Different micromethods have been described on the basis of this principle, but 
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in all of them the solution, whose osmolarity is to be determined, has to be 

drawn up in a glass capillary tube. These capillaries are quickfrozen and then 

warmed up again (Ramsay, 1949; Zwicky, 1954; Ramsay et al., 1955). To 

observe the correct melting point, use is made of microscopic observations. 

Hargitay et al. (1951) used the property that ice crystals are biréfringent. In all 

methods, however, the melting point is established by measuring the temperature 

of a bath surrounding the capillary. For accurate determinations the tem

perature of the bath must be the same as the temperature of the sample, any 

temperature gradient as far as possible must be avoided. Wirz et al. (1951) were 

the first to use this cryoscopic method on animal tissue, in a determination of 

osmolarity of urine crystals inside the tubule of the rat kidney. For this purpose 

they made frozen slices of kidney in which the tubule itself served as the 

capillary. 

On the basis of this extension of the cryoscopic technique, we attempted to 

measure the osmolarity of sweat inside sweat gland tubules. Since we had a few 

objections to the methods followed by Wirz et al. (1951), and for practical 

reasons, some modifications were required, and this makes a detailed de

scription necessary. 

Apparatus 

An ultra-cryostat (Lauda type UK-30) served as a cooler. The alcohol bath 

can be set at a low temperature (—35 0C) with an accuracy of ± 0 . 0 3 ο € . Two 

cryostat box 

Λ alcohol bath 

'¿v¿: ",ν.'.ν. \w. ν у/л л у ν/ ν, 'ÁW/AVWMSMWS-/. 

FIGURE 6. Schematic representation of the equipment 
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Dewar flasks, both containing 30 % glycol solution, were mounted on the cover 

of the alcohol bath. The first Dewar flask also contains a heater and a cooling 

coil, (Fig. 6). The latter is fed from the alcohol bath, and the flow through it 

can be regulated. The heater (1000 Watt) is connected to a Variac, and this 

arrangement makes it possible to cool or to heat the glycol solution as required. 

The second Dewar flask, which is connected to the first by an overflow, contains 

a pump which circulates the glycol solution to the measuring cuvette. The 

second Dewar flask has several functions. First, it allows any air bubbles which 

enter the circulating system to escape, and secondly, it serves as an added 

temperature buffering system, to ensure that the glycol solution is homogeneous 

in temperature before it is pumped through insulated tubes to the cuvette. The 

alcohol bath, which has a capacity of 20 liters, also feeds the cooling coil of a 

cryostat box. 

The microtome inside can be handled through two arm holes in the moving 

front of the box. These arm holes contain 30 cm long gloves made of lambskin 

with the fleece on. A small plastic slide enables us to move prepared slices to the 

outside of the box without opening the front. During operation, the knife of 

the microtome is still further cooled with a piece of solid carbon dioxide 

(Pearse, 1960). 

When the frozen skin biopsy is glued to the microtome table with a little water, 

with the epidermal surface towards the table, the knife and tissue are covered 

with a thin layer of tellus oil (R. Jung, A.G., Heidelberg, No. 407). This has 

two advantages. The oil prevents evaporation of water from the tissue and 

condensation of water onto it, and ensures that only a few preparations are 

coiled up at the time of cutting. After cutting, the slices are embedded in electro

lyte-free tellus oil between two cover slips (1.5 χ 1.5 cm). It is important that 

the coverglasses be cleaned very carefully before use and be handled only with 

forceps to avoid contamination with electrolytes. The piece of skin is cut into 

20 μ slices, numbered so that their distance from the skin surface is known. 

An embedded slice can be mounted in a special holder and quickly transported 

to the measuring cuvette (Fig. 7). The inner part of the cuvette is made of brass, 

while the top and bottom of the measuring space proper are closed by double 

walls of glass to allow microscopic observation. Three channels reach the 

cuvette: an inflow and an outflow for the circulating glycol solution (—10oC 

at the start of the experiment) and an inlet for a thermistor. The entire metal 

portion is embedded in a resin to prevent temperature gradients. For the same 

reason, the measuring chamber (10 ml) is flushed out three times per second by 
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fresh glycol solution. If the preparation is mounted in the cuvette and the cir
culation of the glycol solution restarted, the slices will still be frozen. The 
cuvette is now attached to the table of a microscope with dark-ground illu
mination, making the white ice crystals clearly visible on a dark background, 
while at the same time certain skin structures can be recognized. 
To avoid heat entering from the light source, the light was allowed to pass 
through a 4% CUSO4 solution before reaching the substage condenser. 

F I G U R E ? . Cross section through the cuvette used 
for the determination of the freezing point 

Measuring and recording the temperature 

Only at very low warming-up speeds will the temperature of the glycol solution 
be equal to that of the sample. This temperature has to be measured very 
accurately. Using a normal Beckmann thermometer, too much time is needed 
by the relatively large amount of mercury for this temperature change to be 
followed, so to facilitate registration we measured the temperature with a 
thermistor device. 
A thermistor is a semiconductor with a large negative temperature coefficient 
( ± 5 % P e r 0 Q · Temperature measurement is therefore converted into a 
measurement of resistance, which can be done with great accuracy. Another 
advantage is that the thermistor is very small, and therefore has a very low heat 
capacity. This enables registration of small and rapid fluctuations. In comparison 
to the Beckmann thermometer, which has only a small range (5 0C) and there
fore in our case goes out of range when removed to room temperature, the 
thermistor has several practical advantages. On the other hand the relationship 
between temperature and resistance is not linear for a thermistor. In the small 
range we used (from 0CC to —1°C), however, this deviation can be neglected 
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(see calibration of thermistor). According to the literature (Prouty et al., 1950; 

Flemming, 1958; Sturtevant, 1959) the thermistor is very stable in use: no 

appreciable changes in resistance can be demonstrated even after 500,000 

heating and cooling cycles (Prouty et al., 1950). We used a Veco-thermistor, 

type 51 A 1, with a resistance of ±400 Κ Ω at C C . The temperature sensitive 

part just reaches the measuring chamber. For purposes of registration a 

Wheatstone bridge circuit is used (Fig. 6). The signal is recorded on a Kipp 

recorder, type BD 1. Full scale deflection could be 10°C or 10C as required. 

Over the range expected, the sensitivity of 1 °C full scale deflection was chosen. 

Hundredths of a degree could then be read from the paper, while tousandths 

had to be estimated. 

Calibration of thermistor 

To be able to measure not only temperature differences but also absolute 

temperatures it was necessary to calibrate the thermistor very carefully. For 

this reason the thermistor, already mounted in its holder, was put into a water-

bath, together with a Beckmann thermometer and a reliable certified thermo

meter. First of all the waterbath was adjusted as closely as possible to 0CC. 

Then the temperature on both thermometers was followed for a certain time 

( ± 30 minutes), while a reading was made every 15 seconds. From this cali

bration procedure we found for 0 o C a known reading on the Beckmann. The 

thermistor was then connected to a Wheatstone bridge. With a variable resistor. 

Beckmannthermometer — 

2 2 1 0 -

2 2 0 0 -

2 190 J 

Wheats tone bridge 

1 5 4 0 -, 

1 5 2 0 -

1 5 0 0 -

1 4 8 0 -

1 4 6 0 -

1 4 4 0 -

1 4 2 0 -

1 4 0 0 -J 

i^/\ 
^1 ^ 

JW 
s 1 1 1 1 1 1—r 

2 4 6 β 10 12 M 16 18 20min 

F I G U R E 8. Example of the fluctuations in temperature, measured with a Beckmann 
thermometer and with a thermistor, both placed in the same waterbath 
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the bridge can be brought into balance. The next step is again to follow the 

height on the Beckmann for about 20 minutes, and at the same time to balance 

the bridge and to note the position of the variable resistor (bridge reading). 

Fig. 8 gives an example of one of these procedures. In this particular case the 

mean reading on the Beckmann was 2.200, corresponding to a mean value for 

the bridge readings of 1.460. The thermistor is now disconnected from the bridge 

and replaced by a precision resistance box. With this box the bridge can be 

balanced at the obtained value for the bridge reading. The resistance then 

established on the box equals the resistance of the thermistor at the temperature 

of the waterbath. The whole procedure can be repeated at a temperature of 

about — 1 0 C (Fig. 9). Other values are not needed, since all expected freezing 

point depressions fall within this range. Only one question remains. Is it per

missible to draw a straight line between the two measured points? For a large 

temperature range the relationship between temperature and resistance is 

ΚΩ 

416 

414 

412 

410 

40Θ 

406 

404 

402 

400 

398 

396 

394 

-12 -10 -08 -06 -04 -0.Z 0 °C 

F I G U R E 9. Relationship between temperature and resistance 

for a given thermistor 
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certainly not linear. This relation is given by the following equation: R = Ae /T, 

where R is the resistance value at an absolute temperature T, A and В being 

constants for a given thermistor. Using this equation and the measured re

sistances with their corresponding temperatures, we can easily calculate the 

value of R which belongs for instance to —0.500CC. 

If we plot this calculated value on the graph in Fig. 9 it follows that this point 

falls on the straight line drawn through the two observed measuring points. This 

means that for this small temperature range (0CC to —1 0C) the relationship 

between temperature and resistance may be regarded as linear. 

The capillary tubes 

The final check on the entire procedure was carried out by examining the 

capillary tubes filled with a salt solution of known composition and concen

tration. Because many difficulties arise in working with these capillaries, a more 

detailed description follows. 

We experimented with several procedures, and our findings can be summarized 

as follows. The test substance collected in an ordinary glass capillary tube 

closed by melting did not give reliable values for the freezing point depression, 

and collecting the sample in quartz capillaries and sealing the capillary at both 

ends with paraffin was not very satisfactory either. From earlier experiments, 

however, it became clear that quartz capillaries had to be used because ordinary 

glass loses salts and influences the measurements if the test solution is of low 

concentration. This agrees with Ramsay's observations, (1955). We were there

fore compelled to use quartz capillaries, but this makes the melting procedure 

impossible (flame temperature too high) because evaporation of the sample 

cannot be avoided in this way. We therefore employed a combination of both 

principles. A quartz capillary (1 cm long, internal diameter 10 μ) is filled with 

the test solution or sample by suction under oil. Both ends of the fluid column 

are thus in contact with a small oil column. This thin capillary is now put into 

a capillary tube of soft glass (1.75 cm long) which just encloses the first. This 

second capillary can be sealed very easily and rapidly in a flame. The volume of 

our samples varied from 1 to 8 χ 10-3μ1. The best results were obtained if the 

length of the fluid column was not too long in comparison with its diameter. 

Enclosing the sample between two oil columns not only has the advantage of 

preventing evaporation, but it reduces the pressure on the surface of the fluid 

column as a result of the surface tension exerted by the concave meniscus. 

Hargitay et al. (1951) calculated that the negative pressure in a water column 
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enclosed by a capillary of 3 μ diameter reached a value of 1 atmosphere, while 

half an atmosphere pressure remains if the diameter of the capillary is 6 μ. 

Because melting is dependent on pressure, some corrections have to be made. 

If, however, oil is in contact with the fluid column, the surface tension is re

placed by the much lower boundary tension and no corrections are necessary. 

Fig. 10 shows the melting process in a capillary, the oil columns being omitted. 

The point measured is that temperature at which the last ice crystal just melts. 

F I G U R E 10. Melting process of ice crystals in a capillary tube. 

(Drawn after a microphotograph) 

The best results were obtained if the capillary was frozen very suddenly and 

rapidly. If the sample is frozen too slowly pure water will freeze out first and 

the remaining solution becomes more and more concentrated, until all the liquid 

is frozen. At this moment the salts will be deposited on the wall of the capillary. 

With very fast cooling, however, the salts are retained between the ice crystals. 

During the melting procedure a more homogeneous mixture is therefore main

tained throughout, and especially towards the end, near the measuring point. 

As test solutions we used saline. We calculated the freezing point depression 

and corrected for the activity coefficients, using the 'International Critical 

Tables'. The solutions were sampled as described. For rapid freezing we used 

a mixture of solid CO2 and acetone, while the melting process was followed 

microscopically with dark ground illumination. Table VII summarizes the 

results obtained. The range is very low, with a S.D. of 0.0016oC for the 

100 mEq/L test solution and a S.D. of 0.0022 0C for the 200 mEq/L solution. 

The averages agree very well with the calculated values. So we may conclude 

that the method, using very small quantities of fluid, works well. 
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TABLE VII. Test capillaries: the freezing point depression 
measured in micro quantities (1 to 8 · 10~3μ1) of fluid 

Test solution 
NaCl mEq/L 

0 

100 

200 

300 

Measured Δ Tf 
0 

—0.001 
0.000 

—0.347 
—0.349 
—0.346 
—0.350 
—0.349 

—0.687 
—0.681 
—0.685 
—0.684 
—0.683 
—0.683 
—0.681 
—0.685 
—0.681 
—0.684 
—0.685 
—0.686 

— 1.021 
— 1.021 

С 

+ 0.001 

—0.347 
—0.345 
—0.350 
—0.347 
—0.346 

—0.685 
—0.685 
—0.683 
—0.680 
—0.688 
—0.681 
—0.686 
—0.683 
—0.682 
—0.684 
—0.687 

— 1.020 

Average ΔΤί 
o c 

0.000 

—0.3474 

—0.6839 

— 1.0206 

Int. Crit. Tables 
A T f

0 C 

0.000 

—0.3478 

—0.6848 

— 1.0184 

Some remarks on measurements in tissues 

Wirz et al. (1951), who introduced this procedure in tissues, demonstrated zones 

of equimolar concentration in the rat kidney. This interesting phenomenon 

facilitated the method. But we may not expect such an equilibrium process in 

all tissues, so we have to be careful with our interpretation. From the literature 

it is clear that not even the question of intracellular osmolar concentration is 

definitely settled. Leövey et al. (1931), Gömöri et al. (1932), Aebi (1953), 

Pichotka et al. (1954), Opie (1955) and Robinson (1960-b) believe that the 

cellular content is hypertonic with respect to the outside fluid. However, 

Conway et al. (1955-a; 1955-b), Wynn (1957), Appelboom et al. (1958), Buckley 

et al. (1958) and Maffly et al. (1959) argue for an isosmotic condition. This 

problem is not merely of theoretical interest, since we are concerned with it in 

our measurements. After the tissue is rapidly frozen, it is warmed up very 
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slowly to determine the melting point of the crystals of the different tissue 
fluids. The crystals in the environment with the highest molar concentration 
will melt first, after a certain lapse of time the crystals in the environment of 
lower concentration, and so forth. If the first crystals melt and the original 
fluid phase is reached, this more concentrated fluid can diffuse to places in the 
slice where ice crystals persist. This diffusion may now disturb the melting of the 
remaining crystals. In this way a melting point will be established that will be 
lower than that corresponding to the real concentration. The disturbance can of 
course only occur if different osmolar concentrations exist in the tissue. Although 
discussion on intracellular hypertonicity is at end nowadays, and nearly every
one agrees with the concept of isosmotic equilibrium, such conditions cannot 
exist in the case of certain organs, especially some glands. The sweat gland 
produces a strongly hypotonic product, so it is hard to understand how the 
content of the tubule can be in isosmotic equilibrium with the cells. 
To minimize the effects of diffusion during measurements of such slices we 
could warm up them very rapidly, leaving no time for diffusion. The dis
advantage of such a procedure would, however, be that temperature gradients 
are introduced between the glycol solutions and the preparation, which would 
also give false results. In practice we chose the following method. The first 
warming-up period of —10°C to ± —1.50C is carried out rapidly in about 
10 minutes. At—1.50C, heat input is stopped to allow the system to reach tem
perature equilibrium again. From here on, very slow warming-up (0.010C/min) 
is continued to the measuring point. With this procedure, the data shown in 
Table VII were obtained, demonstrating that temperature gradients have been 
excluded. 

Anticipating the results established on the skin slices we must mention that in 
spite of these precautions, we still measured strong hypertonicity in the extra
cellular fluid of the skin. This unexpected finding has not only got to be ex
plained, but is a potential source of errors. The question arises whether this 
hypertonicity really exists or if the tissue itself may for some reason introduce 
faulty results. As we know, the connective tissue of the cutis is composed of a 
meshwork of fibers with relatively few cells. These fibres are embedded in a 
ground substance. Because this tissue resembles synthetic gels, a possible 
explanation presents itself. It has long been known that micro ice crystals can 
show a much greater freezing point depression as compared with the calculated 
value, (Volmer, 1939). Kuhn (1956) has examined this phenomenon very care
fully, making use of polyacryl acid gels. Even after washing these gels in dis-

49 



tilled water for some weeks he found a freezing point depression of about 2 0C. 

The reason for this unexpectedly low freezing point is that the fibres of the net

work of the gel prevent normal crystal growth. This means that there is no 

thermodynamic equilibrium here. This phenomenon can, however, only be 

demonstrated by a freezing curve. If the melting point is measured, the de

viation from 0 o C is much less but still present (Kuhn ,1956 and Kuhn et al. 

1956). 

If the connective tissue of the cutis meets the requirements of a gel, then we must 

conclude that the measured hypertonicity does not need to be real but could be 

caused by the structural properties of the tissue itself. To verify this last pos

sibility experimentally is very difficult, and we have not yet succeeded. On the 

other hand, there is evidence which make it unlikely that the hypertonicity can be 

explained by this anomalous freezing point depression (see discussion of results). 

To test our method on tissues, we repeated the experiments carried out by 

Wirz et al. (1951) on the rat kidney. We found the same concentration gradient 

in the kidney. The osmotic pressure of the fluid of the cortical region increased 

strongly towards hypertonicity approaching the papilla. In contrast with Wirz 

et al. (1951) we did not find exactly the same concentration in all tubules of one 

slice, but found small differences. This is in agreement with the observations of 

Gottschalk et al. (1959). 

b. II Measurement of the conductance of sweat 

Theory 

For the resistance of a conductor we may write: 

R = P -I (i) 
where 1 = length in cm, 

d = cross sectional area in cm2, and 

ρ = specific resistance in ohmcm. 

For electrolyte solutions, the term conductance is used, defined as follows: 

conductance = τ = — (expressed in reciprocal ohms : mhos) 
R. 

If к = — is the specific conductance of the electrolyte solution, then from 
Ρ 

equation (1) it follows that the specific conductance characteristic of a given 
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electrolyte solution is equal to τ, when d = 1 cm2 and 1 = 1 cm. 

The cells used in these measurements frequently do not meet these requirements. 

It is therefore necessary to determine the calibration factor, 1/d, for recalculating 

the measured values. This factor is called the cell constant. 

For the specific conductance of a binary electrolyte solution the following 

equation obtains: 

κ = ώ ( λ + + λ _ ) (2) 

where с = concentration in Eq/L 

λ = equivalent conductance of an ion constituent = Fv 

F = 1 Faraday = 96500 Coulomb 

ν = the velocity of the ion constituent in cm sec - 1 under a po

tential gradient of 1 Volt per cm 

λ+ + λ~ = Λ, the equivalent conductance of the electrolyte 

Λ is strongly dependent on temperature (temperature coefficient 2 to 2.5% per 

"C, positive). For this reason, the measurements have to be carried out at a 

carefully controlled temperature for which the equivalent conductance can be 

found in tables. 

In our experiments, all measurements were done at 35 0 C (95 0 F). Λ is, however, 

dependent on concentration as well. If the concentration decreases, Λ becomes 

greater. The value for Λ which is found by extrapolation to infinitely high 

dilution ( = Aoo)is precisely known for many electrolytes. For instance, it is 

153.75 ohm - 1 cm2 graeq _ 1 for NaCl at 35 0C. Since we used only highly 

diluted solutions in these experiments we made use of these Λοο -values in our 

calculations. So if the cell constant of a given measuring cell is known, the 

concentration (c) can be found from : 

cell constant — = -γ— (λ+ + λ-) (3) 

Method 

Although conductance measurements are frequently used in a physical chemistry 

laboratory, it is not mentioned very often in biological research. A few workers 

have used this method for the determination of the molarity of sweat (Le Veen, 

1955; Lundgren et al., 1955; Licht et al., 1957; De Bethune et al., 1959; 

Bloxsom, 1959; Helbing, 1963). Several of these authors have tried to find a 

correlation between the molarity and, for instance the chloride concentration 
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of sweat. It often turned out, however, that correlation was too inaccurate for 

the measurement of the conductance to be substituted for a sodium or chloride 

figure. We wished to apply this method in the determination of the molarity. 

One difficulty was, however, that in sweat other electrolytes besides sodium 

chloride are dissolved, all of which more or less contribute to the conductance. 

To determine the total concentration, λ + + λ ~ = Λ in equation (3) must be 

known. The only possibility is therefore to assume that the mean Л-value of all 

the dissolved substances in sweat is equal to the Л-value of sodium chloride at 

very high dilution if the sweat is also highly diluted during the determination. 

In the next section we first describe the experimental set-up and then the ex

perimental procedure by which this assumption was tested. 

Conductance measurements were made in a conductivity cell consisting of a 

small Pyrex glass tube with a volume of 0.2 ml. Two parallel platinum wires 

served as electrodes. To avoid polarisation effects, the electrodes were platinized 

and all measurements were made at the rather high frequency of 2,000 c/s. The 

cell was calibrated against standard KCl solutions and its cell constant was 

0.72 cm-1. 

The measuring equipment is shown in Fig. 11. The cell is fed from the low 

impedance (5 Ohm) output of an audio frequency oscillator (Philips, type 

FIGURE 11. Schematic circuitry used in measurements of the conductance. 
С is the cup in Fig. 4. LA and LR are the linear amplifier and rectifier, respec

tively. Ree. is the recorder. For detailed description see text 
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GM 2308). The a.c. voltage of 0.7 Ven was very stable with respect to mains-

and load-variations. In series with the cell a resistor, R, is included in the circuit, 

whose resistance is very small compared to the cell resistance. For cell resis

tances from 500 to 5,000 Ω, R was 1 Ω, and 10 Ω for cell resistances above 

5,000 Ω. The voltage drop across R is proportional to the current through the 

cell and thus also to the conductance of the solution. The voltage drop across R 

was amplified by a linear amplifier and fed by a linear rectifier to a recorder 

(Kipp Micrograph BD-2). The whole equipment was calibrated by replacing 

the cell by a precision resistor of 1,000 Ω, after which, with R set at 1 Ω, the 

amplification was adjusted until the recorder read 0.72 · full scale deflection. In 

this way, the specific conductance could be read directly from the recordings. 

For R = 1 Ω, full scale deflection corresponds to 1,000 · 10~6 ohm - 1 cm - 1 , 

and for R = 10 Ω to 100 · 10~6 ohm - 1 cm - 1 . The measuring cell is surrounded 

by a water jacket through which water from a 35 0 C thermostat circulates. The 

conductance cell receives the diluted sweat from the cuvette glued to the skin, 

as was described in section 2c (Fig. 4). 

At the start of each experiment deionized water is first allowed to flow through 

the cuvette and the measuring cell for about a quarter of an hour in order to 

wash out any stored salts from the skin surface. After the original baseline for 

the specific conductance of the water is again attained, a single injection of 

mecholyl (1.6 mg) is given intradermally. 

Calculation 

The water flows through the cuvette at a rate of ν ml/min. The amount of solute 

delivered by the sweat secretion per unit time is m(t) mEq/min (m is a function 

of time). This solute is immediately mixed with the contents of the cuvette 

(volume V ml). If at a given moment the concentration in V = с mEq/ml, then 

the amount transported in time dt from the cuvette to the conductance cell is 

denoted by ν с dt mEq. If the volume of sweat in respect to ν is neglected, 

the sweat supply in the same time is given by m (t) dt. The net amount in time dt 

can then be written: m (t) dt — ν с dt mEq, and the increase in concen

tration in V equals: .. , 
M , m(t)dt — ν с dt 

dc = - ^ — , or 
de m ( t ) — ν с 
dt = " ν ' a n d 

m(t) = v c + V ^ (4) 
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Since V and ν are known constants (in our case, 2.5 ml and 0.786 ml/min re

de 
spectively) and since с and — can be read off the graph on the recorder, m (t) 

dt 

can be calculated. So far it has been assumed that the concentration с in V is 

measured in the conductivity cell at the same time. This is of course not true 

since there is a time lag between the moment at which the solute is delivered to 

the cuvette and that at which it appears in the cell. When the volume between 

cuvette and cell is denoted by V'ml, the time lag is V'/v minutes. This time lag is 

measured in preliminary experiments described in the next section. So the value 

m (t) calculated from equation (4) is in reality reached by m, V'/v minutes 

earlier. 

The total amount of solute (mEq) produced between two time periods ti and t2 

can be found by integrating equation (4) : 

I u С1' Г'2 de 
/ m (t) dt = ƒ ve (t) dt + / Y - j - dt 

t,.' t,./ t..' a t 
l'U l'U ,"С(І2) 

/ m (t) dt = ν /c (t) dt + V /de 
ι..' uJ C(t.)J 

/ m ( t ) d t = v / c ( t ) d t +V[c(t2)—c(t i)] 
t i . ' l i . ' 

(5) 

As already described, the specific conductivity к can be read directly from the 

1,000 K 
recordings. Then с = . Since all electrolytes were assumed to behave 

like NaCl in very dilute solution, λ + + λ - were taken as equal to 153.7, the 

limiting conductance of NaCl at 35 °C, the temperature at which all measure

ments were made. This gives с = 6.504 к Eq/L. When the recorder deflection is 

u scale divisions (full scale deflection = 100 divisions) then, with a series re

sistor R of, for instance 10 Ω, the specific conductance is к = u 10 _ 6 ohm _ 1 

c m - 1 and so: с = 6.504 u 10-6mEq/L. 

Equation (5) now becomes: 

/m (t) dt = 5.11 / u (t) dt + 16.26 [u (Іг)—u (Ц)] · 10-6 (6) 
l i . ' t,J 

The second term on the right hand side can be read directly from the curve and 

the first term is found by determining the area enclosed by the curve, the two 
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ordinales at ti and Іг and the base-line (the specific conductance of the deionized 

water). In our experiments we worked with time periods of 5 minutes, and the 

skin surface enclosed by the cuvette was 7.5 cm2. So the excretion rate can be 

expressed as mEq/7.5 cm2 · 5 min. This kind of expression, however, introduces 

some difficulty if we wish to compare these data with those from the other 

experiments or with the literature. We therefore converted them to mEq • 

10 c m - 2 · min - 1 . 

Control experiments 

Two problems still have to be solved. Firstly we have to establish whether it is 

justified to use the ionic mobilities of sodium and chloride to calculate the total 

osmotic concentration of sweat, and in the second place we have to prove that 

the mathematical equation (6) found in the previous section may be used in our 

experimental procedures. To test the first assumption we prepared a synthetic 

sweat of the following composition: 

Sodium lactate 12.8 mEq/L 

Sodium chloride 48.3 „ 

Potassium chloride 8 „ 

Urea 6.7 „ 

Solution 1 

In natural sweat, other ions or molecules are present in such low concentrations 

that they can be neglected. The total molar concentration of this synthetic 

sweat solution is 145 mosmol/L. The electrical conductance was compared 

with the conductance of a NaCl solution of equal molar concentration 

(Solution 2). To obtain a situation comparable with that during the experiment, 

we have made dilutions of both solutions in the same order of magnitude as one 

would expect in the cuvette on the arm. Because the water pump has a constant 

flow, these dilutions will only depend on the production of sweat. The following 

dilutions were prepared and measured at 25° С : 

a. 100 mg solution (1 or 2) diluted with water to 50 ml 

b. 200 

с 300 

d. 400 

e. 500 
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TABLE VIII. Specific conductance of solutions 1 and 2 

dilution 

a 
b 
с 
d 
e 

Spec, conductance 
ohm - 1 c m - 1 

solution J 

18.54 X Ю-6 

35.50 X 10-6 
52.40 x 10-6 
70.12 χ 10-6 
87.44 X IO"6 

Spec, conductance 
ohm - 1 c m - 1 

solution 2 

20.26 χ 10-6 
38.57 χ 10-6 
56.67 χ 10-6 
74.61 χ IO"6 

92.83 X 10-6 

There is about 5% difference between the two solutions. If the potassium 

concentration in solution (1) had been higher, the difference would become 

smaller, since the limiting conductance of the K-ion is higher than that of the 

Na-ion. If, however, the lactate concentration increases, the difference will 

become greater. Although there is some difference between the specific con

ductances of the two mixtures, it seems permissible to calculate the molar 

concentration of the sweat from the specific conductance, assuming that all 

the solute is NaCl. The error is about 5%. In comparison with most other 

methods, however, where evaporation during the collection of the sweat always 

plays a very important role, this does seem reasonable. 

To test the whole equipment and to verify the calculated equation (6), we re

placed the skin by a thick rubber membrane. The cuvette was glued to this 

membrane, while in the centre a thin hypodermic needle was inserted, just 

penetrating the membrane. The needle was connected to an Agla-micrometer 

burette, enabling us to deliver a NaCl solution into the cuvette. Every 15 sec

onds, 0.005 ml NaCl of 0.01 Eq/L was introduced into the cuvette in this way, 

simulating sweat secretion. On the recorder, the course of the curve (Fig. 12) 

could be followed. As can be seen, the time lag mentioned in the calculation is 

about 40 seconds. At first the curve increases sharply, but as it continues the 

slope becomes smaller until a constant level is reached. At this point the con

centration of the NaCl solution mixed with the deionized water pumped into 

the cuvette is recorded. 

The constant level in Fig. 12 lies at 41 divisions on the scale. The deviation from 

zero owing to the water is 3 divisions. So the specific conductivity of the NaCl-

solution is 41 — 3 = 38 scale divisions. Since fullscale deflection (100 divisions) 
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FIGURE 12. Recording of the specific conductance during a 
control experiment 

in these experiments corresponds to a specific conductance of 100 • Ю - 6 

o h m - 1 · cm - 1 , we get: 

с 
к = 38.10-« = 

1,000 
153.75 (see calculations) 

and 
1ft 1 П - 3 

с = у з з ^ у = 2.47 • IO-* Eq/L 

The rate of flow of water was 0.786 ml/min, and every minute 4 χ 0.005 ml 

NaCl was added to the cuvette. The dilution factor was thus 

0.786 + 0.020 

0.020 
= 40.25 

The concentration of the original solution (0.01 Eq/L) must therefore have been: 

с = 40.25 · 2.47 · IO"4 = 0.00994 Eq/L. 

On the basis of these results, we may accept that the whole apparatus functions 

to a very satisfactory degree of accuracy. 

c. Flame photometric determination of sodium and potassium 

Filter papers containing the absorbed sweat are first eluted with about 2 ml of 

dilute acetic acid solution (0.1 ml glacial acetic acid to 1 liter deionized water). 

By this procedure, the sweat collected on the filter papers becomes strongly 
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diluted (4-30 mg sweat in ± 2 ml acetic acid solution). This high dilution was, 

however, necessary to provide enough fluid for sodium, potassium and even 

chloride determinations. The exact dilution factor was always determined by 

weighing. 

After standing for about 2 hours, with occasional gentle shaking of the weighing 

bottle, elution is complete. As a check on the method, and as a test of reliability, 

we pipetted onto filter papers known quantities of a NaCl or KCl solution 

in such amounts as expected during sweating. By weighing, the exact amount is 

established after dilution with the acetic acid solution. The eluate is used for 

determination. From these recovery experiments it became clear that elution 

with deionized water alone did not give reproducible results. Using the acetic 

acid solution, however, results became much better. A possible explanation 

might be that the polyelectrolytes (e.g. cellulose) in the paper lose their negative 

charges in an acid environment, and make the sodium and potassium salts more 

soluble. An Eppendorf flame photometer was used in these determinations. For 

a more detailed description of this apparatus, and for the procedure used in the 

determination, reference should be made to the literature. 

TABLE IX. Recovery experiments for sodium and potassium 

Concentration Aliquot -... .. , . , r Concentration 
. . , .. ^ i j Dilution Number of , 0 _. 
test solution tested c . , . ,.. measured S.D. 

c ,. factor determinations „ ,T mEq/L mg mEq/L 

Na 50 ± 2 0 200 38 50.46 ± 1 . 9 1 

К 8 ± 20 200 38 7.384 ± 0.287 

d. Potentiometrie chloride titration 

The chloride determinations were carried out on the same eluate as mentioned 

in the previous subsection. The chloride was titrated against 0.003 M AgNOa 

solution. The end point of the titration is where the potential difference between 

eluate and the Ag/AgCl electrode in the solution shows its strongest change. If 

the volume and the molarity of the used AgNOs solution and the volume of the 

eluate are known exactly, the concentration of chloride can be calculated. 

As a burette we used the Coleman microtitrator. An Ag electrode was melted 

into the tip of this burette, and served as the reference electrode. The potential 

difference was measured on a pH meter (Radiometer, type pHM/i). 
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The quantity of the eluate needed for one titration was 300 μΐ. All determina

tions were done in duplicate. If these duplicate determinations were not accurate 

enough, a third titration was carried out. Recovery experiments were carried out 

in the same manner as described for sodium and potassium. The results are given 

in Table X. 

TABLE X. Recovery experiments for chloride 

Concentration Aliquot -... .. X T , r. Concentration 
. . , . - • . j Dilution Number of , c _. 
test solution tested г „ . . . . . measured S.D. 

r X I „ ,„ factor determinations ^ „ 
mEq NaCl/L mg mEq/L 

20 ± 20 200 14 19.76 ± 1.54 

50 ± 20 200 19 50.79 ± 2.36 

e. Determinations of urea and ammonium 

Urea is converted to ammonium carbonate by urease at a pH of 6.8. Addition 

of complexon to the mixture is necessary to bind heavy metals which can re

duce the urease activity. The ammonium carbonate is now oxidized in the 

presence of a catalyst (sodium nitroprusside) and afterwards converted with 

phenol to indophenol. Indophenol in strong alkaline solution has a blue color, 

the intensity of which is a direct measure of the amount of ammonium formed 

or already present in the original mixture. If no urease is used and a blue color 

still develops, ammonium must have been present in the solution. This allows 

one to determine the urea as well as the ammonium by one and the same method 

since if we carried out 2 determinations on the same sample, where one is 

carried out with, and the other without, the addition of urease, we can de

termine the urea and the ammonium separately. The method is very sensitive, 

only 10 μΐ of solution being needed to give reliable results. 

For a complete description of the procedure reference should be made to 

Chaney (1962). 

Again, recovery experiments were done with 3 different concentrations of urea, 

Table XI. 

To an urea solution of 60 mg % we added NH4CI to a final concentration of 

10 mEq/L, and recovery experiments were done on this mixture. The mean 

ammonium concentration found was 10.6 mEq/L, with a standard deviation 

of ± 0.548. 
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TABLE XI. Recovery experiments for urea 

Urea concentration Aliquot „. , .. x t . r . .. 
. . , .. . 7. j Dilution Number of concentration „ „ 
test solution in tested Γ ж , , . .. , S.D. 

mg % μΐ 
factor determinations measured 

m g % 

20 20 200 20 19.4 ± 2.24 

40 20 200 20 38.5 ± 1.53 

60 20 200 20 60.6 ± 2.82 

We also attempted to determine whether other constituents of sweat would 

interfere with the urea and ammonium determinations. From the great number 

of possible disturbing compounds we selected arginine, citrulline, and urocanic 

acid as being representative of the whole group. No measurable increase of 

extinction could be observed by adding these three components. 
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Chapter III 

DISCUSSION OF RESULTS, OBTAINED IN NORMAL 
SUBJECTS AND IN PATIENTS SUFFERING FROM 

FIBROCYSTIC DISEASE 



-  9°C 0.740°C

F i g u r e  13. Microphotographs of the melting process of 
one of the slices obtained by dark-field illumination



I N T R O D U C T I O N 

In this chapter, the experimental results are discussed. Each section ends with 
a short discussion of the results obtained in patients suffering from fibrocystic 
disease. Only 4 patients were included in this study. Of course this very small 
number will have to be enlarged in future work, but nevertheless the results in 
these patients differed so markedly from the controls, and were so completely 
in agreement with the data in the literature, that it seemed appropriate to use 
the data as representative of the disease. No description of clinical status is 
included. All 4 patients were known to suffer from fibrocystic disease, on the 
basis of repeated examinations of their sweat electrolytes, chest X-rays, pan
creatic function tests, and the family background. Unless otherwise mentioned, 
a group of students served as control subjects. 

1. OSMOTIC CONDITIONS IN THE GLAND AND 

SURROUNDING TISSUES 

Sweat is always hypotonic to blood plasma, but the problem of the way in 
which this hypotonicity was attained could not be answered when the present 
study began. An attempt was therefore made to determine the osmolarity of 
sweat at different levels in the gland. To study this problem, the cryoscopic 
method introduced by Wirz et al. (1951) was used (see Chapter II). 
Four phases in the process of melting, as observed by this method, are shown 
in Fig. 13. From these photographs it is clear that the ice crystals in connective 
tissue melt earlier than those in other structures, and the ice crystals in the 
tubules only disappear at higher temperatures. It is also evident that the coiled 
portion of the gland forms an island with its own osmotic pattern. On the basis 
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of the theoretical considerations mentioned in the previous chapter, the last 

ice crystal to disappear has to be accepted as the measuring point. Connective 

tissue fluid and blood present no difficulties in this respect. In the coil, however, 

secretory tubules and ductal portions are cut in cross section. Experience taught, 

that not all the ice crystals in the secretory tubules melted at the same time 

nor did the ice crystals in the ducts. For this reason, only those ice crystals 

located in the centre of the coil were measured. For any one slice therefore, 

only one value is given for the secretory tubule as well as for the duct. Fig. 14 

illustrates the osmotic situation observed in one of the subjects. On the abscissa 

the distance of the slice from the skin surface is given. These distances are cal

culated from the total numbers and thicknesses of the slices. In reality there

fore these figures are somewhat greater, because the thickness of the entire skin 

decreases somewhat when it is frozen. The depressions of the freezing point 

established for the blood, secretory tubules, ducts and connective tissue fluid 
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skin slices of one subject, plotted against the schematic diagram of the gland 
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TABLE XII. Freezing point depressions measured at 4 different places 
in the skin in control subjects (St) 

as well as in patients suffering from fibrocystic disease (Pa) 

Blood 

St I 

St II 

St XII 

StX 

P a l 

Pall 

Secretory 

coil 

St I 

St II 
St XII 

StX 

Pa I 
Pall 

number of 
. . range 

determin- , _ 0 „ 
ДТг С 

ations 

7 

15 

2 

16 

18 

16 

8 

15 

IO 

19 

16 

-O.560/-O.640 

-0.500/-0.680 

-O.60O/-O.630 
-O.480/-0.570 

-0.430/-0.550 

-0.330/-0.550 

-0.455/-0.635 
-O.49O/-O.680 

-O.48O/-0.610 

-0.420/-0.530 
-0.320/-0.560 

mean 

Δ Τ , Χ 

-0.593 

-0.587 

-0.615 

-0.544 

-0.494 

-0.492 

-0.538 

-0.597 

-0.548 

-0.477 

-0.487 

Connective 

tissue 

St I 

St II 

St XII 

StX 

Pa I 

Pall 

Duct 

St I 

St II 

St XII 

StX 

Pa I 

Pall 

number of 
. , range 

determin-
Δ Τ Γ С 

ations 

17 
17 

4 

18 

30 

22 

16 

9 

6 

24 

36 

19 

-0.740/-0.875 

-O.730/-0.840 

-O.70O/-O.750 

-0.580/-O.705 

-O.58O/-O.720 

-0.470/-0.670 

-O.420/-0.670 

-0.455/-0.585 

-O.430/-0.600 

-0.390/-0.650 

-0.500/-0.630 

-0.470/-0.690 

mean 

Δ Τ , Χ 

-0.808 

-0.812 

-0.734 

-0.658 

-0.630 

-0.600 

-0.508 

-0.530 

-0.545 

-0.499 

-0.548 

-0.571 

are given on the ordinate. In this way we studied a total of 4 control subjects 

(St in Table XII) and 2 patients with fibrocystic disease (Pa in Table XII). 

Wide scattering of the data is evident, and critical evaluation of the results re

mains difficult. During the measurements, however, one particular aspect did 

attract attention. If in a slice the blood value, for example, was high, then the 

connective tissue value was also found to be high. Statistical analysis of the 

entire material (Kendall's test for rank correlation; Kendall, 1955) indicated 

that this correlation was significant (P<0.01). Similar correlation was found 

between blood and sweat gland coil values (P< 0.05), but there was no signi

ficant correlation between blood and duct values. This suggests that the error 

responsible for the deviation of the blood value will also be responsible for 

deviations in the other values (except for the duct). It is very probable that in 

spite of all precautions heat transport during the warming-up period was not 

the same in all slices. Some slices were more coiled than others and, as a result, 
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the volume of the oil used to embed the preparation varied somewhat. Although 
the error was not determined with certainty, on the basis of the significant 
correlation it seemed justified to correct the blood value of a slice to the normal 
blood value of-0.560°C, taking this freezing point depression as 100%. All 
data obtained in the same slice can then be corrected for the same amount and 
the values can also be expressed as percentages. If average values are then 
calculated, the data given in Table XIII are obtained. The deviation for the 
isosmotic situation can now be read off directly from the Table. 

TABLE XIII. Mean values from Table XII, expressed in percentages 
of the normal blood value (100 %) 

St I 
St II 
St XII 
St X 

Pa I 
Pa l l 

Blood 

100% 
100% 
100% 
100% 

100% 
100% 

Connective tissue 

136.6% 
133.7% 
119.3% 
120.9% 

127.5% 
119.3% 

Secretory coil 

91.6% 
97 % 

100.7% 

96.5% 
99.1% 

Duct 

85.6% 
90.2% 
88.6% 
91.7% 

110.9% 
114 % 

A second detail suggested by Fig. 14 was that there was, at least in the case of 
connective tissue, some kind of a concentration gradient present. This sug
gestion was also investigated statistically. The hypothesis that the uncorrected 
freezing point depression is independent of the distance to the skin surface at 
which the determination was made, was tested by the correlation method of 
Kendall. The results were not unanimous. In the case of the patients, no in
dications for a concentration gradient were found in this way, either for duct 
or for connective tissue data. In the control subjects, only the combined results 
indicated a very significant correlation with the distance to the skin surface 
(P< 0.001). This is true of the duct as well as of the connective tissue fluid. 
Although we were not surprised by these findings, the total number of ob
servations was too small for any definite conclusions to be made regarding the 
existence of a concentration gradient in the tissue. 

A third statistical analysis (Wilcoxson's test for symmetry: Dixon et al., 1951) 
showed that the duct values measured in the normal subjects were very signific
antly (P<0.01) lower than those determined in the patients. The influence of 
the disease could not be statistically established by means of freezing point 
depressions measured in connective tissue, blood or secretory tubules. 
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b. Discussion of results 
Connective tissue fluid. From all these measurements it became clear that the 
extracellular tissue fluid had a lower melting point than plasma. Since the 
freezing point depression is a measure of the effective osmotic concentration, 
these observations point to a hypertonicity of the fluid. Moreover, there are 
indications that this hypertonicity is not constant at all levels of the skin. The 
osmotic concentration differs more widely from that of the blood plasma as 
the distance from the skin surface increases. When using average values, how
ever, the measured deviation exceeds the osmolarity of blood plasma by 19.3% 
to 36.6 %. The question arises whether these differences also exist in vivo and if 
so, what kind of mechanism is available to maintain these gradients. In the 
previous chapter we discussed some of the difficulties inherent in the method 
itself. No satisfactory interpretation of the hypertonicity could be found from 
this point of view. It is known that there is an extracellular fluid compartment 
with higher sodium and chloride concentrations with respect to ultrafiltrate 
(Manery, 1954; Mertz, 1962). To a certain extent the connective tissues of the 
skin belong to this compartment. Kuno (1956), referring to Yoshimura's 
experiments, describes a higher chloride activity in the deeper layers of the skin. 
Chemical analyses of widely varying tissues, all rich in connective tissue, always 
show higher sodium and chloride concentration. Many theories have been 
brought forward to explain these discrepancies. The skin might serve as a site 
of salt storage (Fanconi, 1957); but higher intracellular concentrations are also 
proposed to explain these unexpected findings (Amberson et al., 1948; Manery, 
1954; Levitt et al., 1956). None of these theories is really very satisfactory. We 
looked therefore for another possible explanation. Farber et al. (1957) demon
strated that one of the polyelectrolytes of connective tissue (chondroitine 
sulphate) could bind sodium, potassium and calcium. This reduction of the 
activity of cations by polyelectrolytes is also demonstrated by the work of 
Catchpole et al. (1956), Dorfman (1958), Joseph et al. (1959-a; 1959-b; 1961), 
and Engel et al. (1960; 1961). Based on these results, a hypothesis has evolved 
which describes the extracellular connective tissue fraction (ground substance) 
as a complex coacervate. This coacervate is thought to be built up of a colloid-
rich, water-poor phase in equilibrium with a colloid-poor but water rich phase, 
both of them being in equilibrium with the blood. The ground substance, con
structed as a two phase system, has great advantages. Relatively large changes 
in water and electrolyte concentration may take place without losing the osmotic 
equilibrium with the blood plasma. 
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This complex physicochemical system, however, needs more research before 
sufficient information is available. The observed hypertonicity of the skin could 
mean that the normal osmotic equilibrium is disturbed by the freezing process. 
Possibly more osmotically active particles are formed through breakdown of 
chains. So the hyperosmotic situation observed in the extracellular fluid sur
rounding the sweat gland cannot be explained with any certainty. This makes it 
very difficult to judge the possible physiological significance of this hyper
tonicity in the secretion of sweat. 

The osmotic concentration of sweat in the secretory tubules. Cryoscopically the 
coil of the gland forms an island in a big field of connective tissue (Fig. 13). It is 
very probably this circumstance which has made it possible to obtain good 
results. As was discussed earlier, the connective tissue always has a lower 
melting point. Therefore, if this point is passed, and ice crystals still remain in 
the coil, diffusion of already melted extracellular fluid of the coil can take place. 
This diffusion process will upset the process of fusion of the ice crystals in the 
coil very strongly. The result is that erroneous freezing point depressions are 
measured. 
Fortunately diffusion takes time, especially since the coil is surrounded by a 
fiber-like membrane. Moreover, in the coil the ice crystals are still surrounded 
by the wall of their own tubule, thus impeding diffusion. To be even more 
certain, only those crystals were observed which were situated in the centre of 
the coil. These precautions almost entirely exclude any possible influence 
exerted by diffusion. The results do not show any significant differences between 
the osmotic concentration of the blood and the measured osmolarity of the 
primary secretion product. The parent fluid must, therefore, be isosmotic with 
blood plasma. This had already been suspected for some time on the basis of 
indirect measurements (Bulmer et al., 1956; Schwartz et al., 1956; Thaysen, 
1960) but these experiments made the establishment of this equilibrium state 
possible for the first time. One observation remains to be made. Osmotic 
equilibrium does not necessarily mean that the composition of the two fluids is 
also the same. We are dealing with a secretory system, and thus with a secretory 
product and not with a simple ultrafiltrate of blood plasma as in the glomeruli 
of the kidney. 

Concentration of sweat in the duct. If the primary solution is isosmotic with 
blood plasma and the final sweat is always hypotonic, it seems logical to accept 
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that the parent fluid must have been changed during transport through the duct. 
Theoretically, one of the two processes may come into play: either water is 
added, or reabsorption of solute has taken place. In either case, one would 
expect this to be a gradual process, operating throughout the entire length of 
the duct. The mean values in Table XIII cannot, therefore, be valid at all 
different levels in the tubule. But even apart from this objection, the values 
seem too high. This is clearly demonstrated by the 2 patients, who reach hyper
tonic values. A possible explanation could be that during the measurements in 
the ducts the diffusion process mentioned above contributed substantially to 
the final figures. The lumen of the tubule is very small and lies in a large field 
of connective tissue. If, in addition, the errors introduced by diffusion are not 
equal in every slice, the wide scatter in the data is more easily understood. At 
present, no detailed description of the concentration gradient along the duct 
is therefore possible; the only thing one can say is that sweat, passing along the 
duct, undergoes osmotic changes and becomes hypotonic. 

Patients suffering from fibrocystic disease. The primary fluid of the sweat gland 
of these patients also seems to be isosmotic with blood plasma, but differences 
could be clearly demonstrated in the ducts as compared with normals. The 
hyperosmotic values observed in the ducts of these patients must be caused by 
the diffusion processes described above. It is even more important to notice the 
differences between normal subjects and patients. The smallest difference is 
19%, while the largest reaches a value of 28%. Sweat delivered at the skin 
surface of the same patients, collected under oil in quartz capillary tubes (see 
Methods), and estimated by depression of the freezing point (Fig. 15) gives 
lower values, and this is also true in the normal case. The differences between 
the two groups in this experiment are, however, of comparable magnitude if 
mean values are used. 

It seems that the method used must be regarded as unreliable in determining 
sweat concentration in the ducts. No exact data can be obtained, and the method 
is only suitable to demonstrate that the sweat of normal people becomes hypo
tonic while passing up the duct, while the sweat of patients undergoes smaller 
changes in total osmolarity. 
To summarize, we may say that we have found strong evidence for an isosmotic 
parent fluid in the sweat gland of normal as well as diseased subjects. During 
the transport of this fluid through the duct it becomes strongly hypotonic to 
blood plasma in the normal, but the osmolarity shows little change in the 
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FIGURE 15. Freezing point depression (°C) of sweat elaborated onto 
the skin surface in control subjects (black dots) and in patients suffering 

from fibrocystic disease (open circles) 

patients. The disturbances in electrolyte concentration of the sweat of patients 

suffering from fibrocystic disease must therefore occur in the duct of the gland. 

2. RATE OF SWEATING 

During our survey of the literature it became clear that the quantity of sweat 

delivered per unit time, the rate of sweating, must be regarded as an important 

parameter of the function of the sweat gland. Although, the rate of sweating as 

such was not the subject of this study, we must still discuss some of its peculiar

ities as observed during measurements. 

The secretion of sweat was stimulated by injection of mecholyl or by ionto

phoresis of pilocarpine, and only sweating rates obtained by these two methods 

will be compared here. Chapter II explains the reasons for expressing rate of 

sweating (V) in mg · 10 c m - 2 · min - 1 . Fig. 16a shows the course of the sweating 
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obtained in 18 subjects stimulated with mecholyl; Fig. 16-b gives the curves of 

the 26 subjects in the iontophoresis group, while the results obtained in 1 nor

mal subject are plotted in Fig. 16-c. Here, the sweat test was performed by 

(тпд.10 

FIGURE 16a. The course of 

the rate of sweating, observed 
in 18 control subjects after 
stimulation with mecholyl 

FIGURE 16b. The course of 

the rate of sweating, observed 
in 26 control subjects after 
stimulation with pilocarpine 

30 40 50 
time after stimulation (minutes) 

FIGURE 16c. The course of 

the rate of sweating, observed 
in one control subject at seven 
different times (pilocarpine 
induced sweating) 
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iontophoresis on different parts of the volar surface of the skin of the forearm 
in order to provide information regarding the extent of scatter in the individual 
subject. 
These observations made it clear that the individual response varies widely. 
The range in mecholyl induced sweating appears to be somewhat greater. But, 
independent of the method used, maximum V is reached in both groups some 
10 to 15 minutes after stimulation. The decline which follows is steeper in 
subjects stimulated by iontophoresis. This was also verifiable by statistical 
analysis (Wilcoxon's two sample test: Dixon et al., 1957). 

Probability 

Total 
Test group m i volume Vis V35 V45 V50 

mecholyl iontophoresis 18 26 0.01(+) 0.16 0.007(+) 8·10-5(+) 4·10-«(+) 

m = number of observations in first test group 
i = number of observations in second test group 
( + ) = first test group has a higher value on average 
Vt = rate between t-5 and t minutes after stimulation 

The rate of sweating induced by mecholyl is thus significantly higher in the 
second part of the experiment (after 35 minutes) than it is in pilocarpine 
induced sweating. No explanation of this is yet possible. Sibinga et al. (1963) 
introduced mecholyl into the skin by iontophoresis while at the same time 
injecting mecholyl into the other forearm. He observed the same differences in 
rate as we did, but in this case using the same drug. On the basis of these ob
servations we do not believe that this difference originates only from a difference 
in pharmacological action of the drug; it is more likely to be inherent to the 
method of application. 
Both test groups also show striking similarities. Not only is maximum V 
reached after 10 to 15 minutes, but for the individual subject, independent of 
procedure, if the initial increase is rapid the decline which follows will also be 
rapid. This relationship is plotted in Fig. 17. On the ordinate, the initial in
crease in the rate obtained between 10 and 15 minutes, and the decrease in rate 
observed between 20 and 50 minutes after stimulation is given on the abcissa. 
Although scatter is marked, a certain correlation cannot be denied. This cor
relation, verified statistically by the test of Kendall (1955) gives a P-value of 
0.005 for the mecholyl group and a P < 0.0008 for the group which was 
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FIGURE 17. Relationship between the initial increase in rate of 
sweating (V15) and the subsequent decrease (V20- V50) 

stimulated by pilocarpine. Thus for both groups, a very significant positive 
correlation is found. On the basis of this correlation it seems reasonable to look 
for an explanation which describes the decrease, at the same time making use 
of the observed correlation with the initial increase. For both processes, a 
causal relationship may be expected. The problem seems insoluble at the 
moment. The term 'fatigue' very frequently used in literature to describe this 
phenomenon means nothing and only serves to illustrate the gap in our know
ledge. 

Sargent (1962) gives a thorough review of the literature on this topic. Exhaustion 
of cell metabolism seems unlikely, since this would not explain why the ma
ximum is always reached after about 15 minutes. Another explanation claims 
that the drug diffuses into the bloodstream after a certain time, but no effect of 
hyaluronidase could be demonstrated (Schwartz, 1960). The existence of a 
neuroglandular block was excluded by Sargent et al. (1962) as was swelling of 
the keratin ring in the distal part of the duct. 
It is very important to note that the progressive decline could not be the result 
of any decrease in the number of active glands. Several investigators have 
observed that the decrease really does reflect the output per gland (Thaysen 
et al., 1955; Kuno, 1956; Sargent et al., 1962; Rovensky et al., 1964). 
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Patients suffering front fibrocystic disease. It is very difficult to obtain exact 

information from the literature regarding whether the rates of sweating in these 

patients differ from those observed in normal subjects, since insufficient data is 

available. Gochberg et al. (1956) measured a slight difference, but this is pro

bably insignificant. Shwachman et al. (1962) observed a higher average rate in 

patients, but the overlap with the normal was very large. No differences were 

obtained by Darling et al. (1953), di Sant'Agnese et al. (1962) or Sibinga et al. 

(1963), and our own observations were too limited to permit conclusions to be 

drawn. The preliminary impression is, however, that there are no quantitative 

differences in rate between normals and patients. 

3. T H E WATER EXCRETING AND ELECTROLYTE CONSERVING 

CAPACITY OF THE SWEAT GLAND 

In section 1 of this Chapter, arguments were set out in support of the belief 

that the hypotonicity of sweat arises during its transport through the duct. The 

mechanism responsible for this process is unknown. We tried to gain in

formation regarding this question by indirect measurements. In these ex

periments we first measured the total osmolarity in relation to the rate of 

sweating, with the intention of establishing the extent of the osmotic perfor

mance of the gland. The glands of a small skin area were stimulated and the 

secretory process was followed during subsequent short periods of time. No 

measurements were made during a steady state, the activity of the gland being 

studied from its maximum back down to the starting point. In the preceding 

Chapter, the methods employed in these experiments were described extensively. 

The osmolarity was determined in five subjects by estimating the depression in 

the freezing point of sweat droplets collected under anaerobic conditions 

(ATr in graphs and tables). The results obtained in these subjects and plotted 

against time after stimulation, are given in Fig. 15 (black dots). Since the rate of 

sweating was also measured (see Methods) we were able to correlate the two. 

Eleven subjects served as a second group in which the osmolarity was deter

mined by measuring the electrical conductivity (τ ) of the sweat. The rate of 

sweating was determined simultaneously in this case as well, enabling us to 

follow the same procedure. In the discussion regarding the rate of sweating, 

we mentioned the wide individual differences that exist between subjects. This 

is also found in the case of osmotic pressures. In order to better understand the 

functional process we calculated mean values for the rate of sweating as well as 
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for the osmolarities. We consider this to be a justifiable procedure since the 

course of the curves is the same in all subjects where rate or osmolarity is 

plotted against time. In this way we are of course embellishing the results, but 

on the other hand we gain a much clearer insight into the osmotic activity of the 

'average' gland. 

Table XIV gives the mean values, in the order of increasing rates of sweating, 

obtained in the 16 subjects. In the determination of the depression of the freezing 

point, osmolarity was measured directly and is expressed in mOsm/l. In the 

measurements of conductivity, however, the excretion rate (Ex) was registered, 

so V · Cs = mOsm · 10 c m - 2 · m i n - 1 . Values for Cs as well as for Ex are there

fore given in Table XIV. In Fig. 18 the rate of excretion is plotted against the 

rate of sweating. The first thing that is rather striking is that the data obtained 
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F I G U R E 18. Excretion of total solute vs. rate of sweating. ΔΤι: mea
sured by the freezing point depression, к: measured by conductance. 

η 

1 
1 

I 

ι 
-S.D. 

-SD. 

J^ :? 

73 



Cosm/V _ Cs/Cp 
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0.90 
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FIGURE 19. Extrapolation of the ratios between c9 and Cp 
to infinitely high rates of sweating (1/V = 0) 

by one method are in very close agreement with those obtained by the other. In 

the second place, the rate of excretion does not seem to be a simple linear 

function of V along the whole curve. For V values higher than about 3 mg · 

• 10 cm -2 • min-1, the curve becomes linear. For an explanation of this, we 

must look at the results obtained on the frozen sections of skin. There we 

found an isosmotic parent fluid, which made reabsorption of solute into the 

duct very probable. If this is correct, we have to find back the osmolarity of the 

parent fluid at the skin surface when the sweat rate becomes infinitely high. It 

is, of course, impossible to obtain such a rate experimentally. But if we plot 

osmolar concentration against 1/V, this factor becomes zero at infinitely high 

sweat rates. If this assumption is correct, extrapolation of the curve to 1/V — 0 

would give an intercept on the ordinate equal to the concentration of the sweat 

in the secretory tubules. This extrapolation is carried out in Fig. 19. On the 

ordinate, the ratio between the concentration in the sweat and in the blood 

plasma is given, assuming a blood plasma concentration of 300 mOsm/l. 

For the calculation of the extrapolated line, the values used correspond to a 
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rate higher than 3 mg · 10 c m - 2 · min - 1 . In this way, an intercept for cs/cp of 

0.960 is found, indicating that the parent fluid must indeed be isosmotic with 

blood plasma and that reabsorption does take place in the duct. In order to 

confirm this empirical conclusion mathematically, we have introduced two 

hypothetical parameters, the osmolar clearance (Cosm) and the free water 

clearance (Тнго)· The osmolar clearance is the rate of water excretion cal

culated so, that the excreted solute, if dissolved in this amount of water, would 

form a solution isosmotic with plasma. The osmolar clearance is then given by: 

osmolar concentration of sweat ca 

o s m osmolar concentration of plasma Cp 

Because sweat is always hypotonic to plasma, the free water clearance refers to 

the difference : 

TH2O= V - C o s m = V — V Ca- = v ( 1 — — 
Cp \ Cp 

Osmolar clearance is plotted against rate of sweating in Fig. 20 for one subject, 

while Fig. 21 gives the mean values obtained in 16 subjects. In both graphs, the 

diagonal line represents the situation had the sweat excreted been isosmotic. In 

other words, the vertical distance between this line and the experimental curve 

gives the free water clearance. At a flow rate higher than 3 mg · 10 c m - 2 min - 1 

the free water clearance appears to become maximum and constant. For this 

part of the curve we may then write : 

TABLE XIV. Mean values for V, Ex, Cosm, and Тнго, obtained in 
16 subjects, arranged in order of increasing rates of sweating 

V 2.49 2.82 4.10 4.74 5.29 
1.68 1.86 2.13 2.63 2.90 3.25 3.51 3.80 

„ ΔΤΓ 237.5 276.5 582.2 806.0 960.9 
к 164.3 188.4 226.8 274.5 314.4 367.3 466.5 534.5 

С 97.8 101.3 106.5 95.0 104.4 97.0 108.4 113.0 132.9 140.6 142.0 170.0 182.0 
Cosm 0.55 0.63 0.76 0.79 0.91 0.92 1.05 1.22 1.55 1.87 1.94 2.68 3.20 
Τ £ 2 θ 1.13 1.23 1.37 1.71 1.72 1.93 1.85 2.03 1.96 2.02 2.16 2.06 2.08 

V = rate of sweating (mg. 10 cm - 2, min- 1). 
Ex = solute excretion-rate (mOsm. 10 cm - 2, min- 1. Ю-6). 
Ce = osmolar concentration of sweat (mOsm/L.) 

Cosm en T¿2o = osmolar clearance and free water clearance (mg. 10 cm-2, min-1). 
Δ Ti = measured by means of the cryoscopic method, 

к = measured by means of the conductance. 
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maximum free water clearance = Т т н , о = Vi 1 = К (К = constant) 
Ср 

If V becomes infinitely high, 1/V approaches zero and Cs/Cp becomes equal to 

1 - as already found by extrapolation in Fig. 19. On the basis of these findings 

and the results obtained from the frozen slices we believe that there can now be 

( т д . Ю с т . min" 1 ) 
isoamotlc Utw/ 

1 1 1 
5 6 7 8 

V(mg .lOcm-^mln-1) 

FIGURE 20. Relationship between osmolar clearance and rate of 
sweating observed in one subject 

C o s m o s .lOcm-^.Tmn-1) 

4 

4 5 6 
V(mg . l O c m ' ^ m i n ' 1 ) 

FIGURE 21. Relationship between the mean osmolar clearances and 
rates of sweating, calculated for 16 subjects and measured by two dif

ferent methods 
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no doubt about the osmolarity of the parent fluid of the gland. This conclusion 

implies that reabsorption of solute must take place. From the results obtained 

so far, some details of the reabsorption process may already be given. At low 

sweating rates, the free water clearance increases as the rate of sweating rises, 

but the total osmolarity remains constant (Fig. 19). The T^o is therefore 

below its maximum, and some other parameter must be responsible for the fact 

that there is no further decline in total osmolarity. The transmural concen

tration gradient of about 200 mOsm/L, probably prevents any further decrease 

in osmolarity. 

At higher rates of sweating the free water clearance becomes constant and 

maximal, while at the same time the osmotic pressure of the sweat increases. 

Both characteristics strongly suggest that we have here an active transport pro

cess and that the free water clearance reflects the magnitude of this process. The 

fact that the Тн 2 о does indeed follow the electrolyte pattern of the sweat and is 

not determined by reabsorption of other dissolved solutes, like urea and lactate, 

could be confirmed by the next experiment. 

The osmolarity of the sweat was measured on the left forearm of a normal 

subject by depression of the freezing point. Electrolyte excretion was determined 

simultaneously in the right forearm (Fig. 22). Although two different skin 

areas were used, the course of the two curves seems to be equal. So the osmolar

ity, from which the free water clearance is calculated, follows the sum of the 

sodium, potassium, and chloride concentrations of the sweat. This proves that 

the free water clearance really does reflect the electrolyte reabsorption. For a 

further explanation, several possibilities can be offered. It may be possible that 

— — Δ τ ί 

/ Να* К.Cl 

1 2 3 4 5 V (mg.tOcm-'.min-1) 

FIGURE 22. Comparison between the osmolar concentration (ΔΤι) 
measured on the left forearm and the sum of sodium, potassium, and 
chloride concentrations of the sweat measured on the right forearm 
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at low flow rates the gradient discussed above prevents any further drop in 

concentration, and that at higher rates of sweating the time during which the 

sweat is in contact with the reabsorbing surface may become the limiting factor. 

A second explanation could be that different processes of reabsorption take 

place at different places in the duct of the gland, the proximal part thus ope

rating quantitatively and possibly even qualitatively differently from more distal 

segments of the duct. 

In section 10 of this Chapter we discuss these possibilities in more detail, but 

no definite conclusions can be drawn yet at present. In this context it is in

teresting to note that Burgen (1955) found a similar relationship between V 

and THJO in the parotid gland of the dog. Becker et al. (1962) described an 

analogous relationship for the kidney of the dog, as did McKenzie et al. (1960) 

and Mertz (1961) for the human kidney. 

These observations suggest that free water clearance is a parameter which would 

enable us to describe functional processes of widely varying organ systems, 

although free water clearance on its own provides insufficient information about 

the mechanism of these processes. 

Patients with fibrocystic disease. The graph in Fig. 15 demonstrates that the 

osmolar concentration of the sweat in patients always exceeds the osmolar 

concentration in the normal. As can sometimes be seen, this concentration may 

even exceed the blood plasma value in such patients. There is, however, nothing 

which would indicate that the sweat glands in these patients are able to con

centrate, so the findings may very probably be due to errors in method such 

as contamination of the elaborated sweat by surface skin or as a result of salt 

storage in the duct of previously inactive glands. The following data were 

measured in one of the patients (Pa 1): 

ТА в L E XV. Free water clearance, calculated from V and c6 in one of the patients 

Min. 

(mg 

(mg 

(mg 

after stimulation 

V 
• 10 cm-2 · min"1) 

Ce 

(mOsm/L.) 

Cosm 

• 10 cm-2 · min-1) 

Тнго 
• 10 c m - 2 · min - 1) 

0-10 

1.78 

304 

1.80 

—0.02 

10-20 

2.26 

310 

2.33 

—0.07 

20-30 

1.62 

277 

1.49 

0.13 

30-40 

1.52 

257 

1.30 

0.22 

40-50 

1.35 

230 

1.03 

0.32 
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The fact that the free water clearance becomes slightly negative in the first two 

periods after stimulation does not have to be taken as proof of the concentrating 

ability of the gland: it would be more logical to expect these values to approach 

zero. Thus, at higher rates of sweating, no electrolyte conserving ability remains. 

4. T H E OSMOTIC PERFORMANCE OF THE SWEAT GLAND 

Since sweat is always hypotonic with respect to the blood plasma, from which 

it is formed, production of sweat requires work to be done. This work is 

necessary not only for the attainment of hypotonicity, but also for the secretory 

process and to produce the difference in composition between sweat and blood 

plasma. For the moment we will pay attention only to the first contribution. 

If we only consider the total osmolar concentration of sweat and blood plasma 

it is possible to calculate the work which would have to be done to attain the 

hypotonicity measured. 

Let us suppose that a certain amount of sweat contains N„ grammol of water 

and Ns grammol of solute. The free enthalpy (G s) of this amount of sweat may 

then be written as follows: 

Gs = Ν ν νμ ν, 8 + Мчца,а 

where μν,3 and μ^α are the thermodynamic potentials of water and solute in 

sweat. The free enthalpy of the samequantities of water and solute in the plasmáis : 

Gp = Ν№μ„,ρ + КаЦа.р 

where μν,,ρ and μ3,ρ are the thermodynamic potentials of water and solute in 

the plasma. The minimum work necessary at constant temperature and pressure 

to make this given amount of sweat from the plasma is equal to : 

G s — Gp = N w (μ„, 5 — μ,,,ρ) + N s (μ 8, 5— μ8,ρ) (7) 

The thermodynamic potentials are functions of the mole fractions. When the 

mole fraction of the solute =- x, then: 

Ц „ - Ц „ ° + Я Т 1 п ( 1 — χ) (8) 

and 
μ.,= μ 8

0 + Κ Τ 1 η χ (9) 

neglecting the activity coefficients. The activity coefficients will differ consider

ably from 1. But sweat, like blood plasma, is a rather concentrated solution, so 

their activity coefficients will not differ much. Since we only need the dinerene ,s 
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in thermodynamic potentials (equation 7) the activity coefficients will almost 

cancel out. Combination of equations (7), (8) and (9) gives: 

G s — G p = N w R T l n - ^ + N 8 R T l n ^ - (10) 
1 XwP "s ip 

When the concentrations of solute in sweat and in plasma respectively are 

written as c s and Cposmols per kilogram of water, then: 

1000/18 _, , 1000/18 
1 — Xw.s = -,nnni,0 , ; and 1 — χ«,, — 1000/18 + Cs ' ·ρ 1000/18 + Cp 

Cs . , Cp 
X s ' s — iru-m/i ο ι ' a n X s , P — 1 1000/18 + cg ' ' μ 1000/18 + Cp 

Equation (10) can now be written: 

Г Г N R T I n ^ / 1 8 4 - 0 1 1 -4-N RTln 1 0 0 0 / 1 8 + CP v

 C s 
G s - G p = N w R T l n - i ^ - 1 g T ^ - + N 3 R T l n - 1 0 0 Ö / ï g - - - - X — 

Since the concentration of sweat (cs) was given in osmols per kilogram of 

water, the work necessary for the production ofan amount of sweat containing 

1 kilogram water, which is nearly the same as 1 kg of sweat, becomes: 

^ RT In Д + Cp- + cs RT in Ξ ! « - + " Ρ X -' 18 1000/18 + ca 1000/18 + ca Cp 

1 0 0 0 ^ \ 1000/18 + cp , c3 

T S " + C s j R T l n 1000/18 + c8 - C s R T , n ь 

But since Cp - Cs are very small compared with 1000/18, the expression can 

be simplified to: 

. 1000 Cp —Cs , „ _ , c s 
A = - 1 8 - R T · 1 Ш Д 8 - + C a R T l n c p

 0 r 

A = RT (cp — c8) + c s RT In C s 

Cp 

If the rate of sweating on the area of skin used for the measurements, V = mg • 

• 10 c m - 2 · min - 1 = V • 10~6kg • 10 c m - 2 · m i n 1 , the minimal osmotic work 

per minute, Emm, will be equal to : 

RT(cp—c s ) + c s R T l n C 8 

Cpj 
10-вса1. 10 cm-2 · min-1 (11) 
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Using equation (11) with R = 1.98 cal. mol - 1 degree _ 1 and Τ = ЗКГКеІ іп 

and the data in Table XIV mean values of Emin could be calculated. 

The values plotted against rate of sweating give a curve (Fig. 23) with a distinct 

peak. This is somewhat surprising at first sight, but when we realize what really 

happens, an explanation becomes obvious. As the rate of sweating increases, 

larger amounts of solute will be presented to the reabsorbing surface, although 

as we have seen, the concentration remains constant. This implies that the 

absolute quantity of solute reabsorbed also increases, but only up to the point 

at which the process of reabsorption becomes saturated. Increasing quantities 

of energy will be required. If the rate of sweating increases further and with it 

the amount presented to the reabsorbing surface, more solute escapes the re

absorbing process and the concentration of the sweat begins to rise. The con

centration gradient between sweat and plasma decreases, requiring less energy 

again, which explains the peak on the curve. Our calculations are valid only for 

the osmotic work that has been done in the production of the hypotonic sweat 

from plasma. Thus, the work necessary for secretion and for changes in com

position during secretion as well as during passage in the duct, has not been 

taken into account. 

E(mi„)-106 (eal .lOcm^.min-1) 1 

150 

100 

50-

V (шд. lOcnT^min"1) 

FIGURE 23. Minimum energy expenditure of the gland 
(Emin) in relation to rate of sweating 
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Scarcely any information about the energy expenditure of the sweat gland is 

found in the literature. Kuno (1956) refers to an experiment of Ohara, who 

studied the oxygen consumption of the sweat gland at rest and after addition 

of pilocarpine. For the sweat glands of the forearm, a figure of 3.77 mm3 O2 

per mm3 gland per hour is quoted. If, after stimulation, 100 glands per cm2 skin 

surface are active (Chapter I), and the mean volume of the sweat gland can be 

taken as 0.015 mm3 (Kuno, 1956), then we are able to calculate the number of 

calories required (1 liter of oxygen ^ 5 Kcal). 

The total volume of sweat glands in 10 cm2 skin surface is 15 mm3, and O2-

15x3.77 
consumption per minute would be — m m 3 . Expressed in calories, this 

60 
15 X 3.77 χ 5 

becomes: — = 4.7 millical · 10 c m - 2 · min - 1 . Although only rough 

60 

average data are used in this calculation, the figure deviates widely from that 

found by our measurements, from 0.0875 to 0.1621 millical · 10 cim 2 · min - 1 . 

This is only 1.86 to 3.45% of the oxygen consumption, reported by Ohara. The 

figure of 4.7 millical • 10 cm - 2 • min - 1 is, however, measured for the gland as a 

whole. So once more we have to accept the fact that our data are valuable only 

for describing the reabsorption process of the duct and not the secretory process. 

Comparison of our data with those observed by Burgen (1955) in the parotid 

gland of the dog shows reasonable agreement. 

Burgens values: 3.3-15.7 millical · gr - 1 • min - 1 . 

Our values: 2.3-4.3 millical · gr_ 1 · min - 1 . 

The specific gravity of sweat gland tissue is taken to be 1. Burgen also used the 

osmolar concentration of the saliva in this calculations, so the same objections 

as were quoted against our calculations are valid. If the in vitro experiments of 

Ohara gave reliable results, the only conclusion is that the process of reabsorp-

tion only requires a very small fraction of the total O2 consumption of the gland 

as a whole. A parallel situation is found in the kidney, where the Огсопзитрііоп 

of the inner medulla is also very small compared with that of the cortex. This is 

also in good agreement with the measured blood flow (1 % of the total blood 

flow) through this part of the kidney (Ullrich et al., 1962). Like the collecting 

ducts, the loops of Henle are located in the inner medulla, both of which being 

very active in transport processes. Analogous to these observations and on the 

basis of the calculations described, it would be attractive to suppose that the 

reabsorption processes of the sweat gland are also largely anaerobic in oper

ation. A proof of this supposition, however, cannot be given at the moment. 
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5. SODIUM EXCRETION 

We know from the literature that the electrolyte concentrations found in the 
excretory products of the various glands differ widely. It is known that for the 
parotid gland, and the sweat gland, the electrolyte concentrations increase as 
the output of the gland increases. In this section, excretion of sodium in relation 
to the rate of sweating will be discussed. Although already several authors have 
published work on this topic, we studied this relationship over short periods of 
time during the course of a single sweat test, enabling us to describe the pheno
menon more accurately. This study was carried out on students during the 
summer and the winter months. No seasonal variations could be detected 
statistically (Kruskal-Wallis' test: Riimke, 1961) in either the sodium or the 
chloride concentrations. This is in direct contrast with the findings reported in 
the literature. The method of stimulation chosen is probably responsible for 
this lack of variation with the seasons, since in those experiments which did 
demonstrate seasonal influences, methods of thermal stimulation were always 
used. Our group will, therefore, be regarded as independent of the season in 
which the measurements were done. We must also mention the fact that the 
first two samples of sweat collected in the first 10 minutes after stimulation were 
discarded since during this time, contamination of the sweat by salts from the 
skin can not be ruled out. 

A total of 45 subjects were stimulated with pilocarpine, and mecholyl was used 
on 6. For both groups, mean values were calculated in the same way as de
scribed for the osmolarity measurements. 
Sodium excretions in relation to rate of sweating are given in Fig. 24. From this 
graph it can be seen that the method of stimulation has no significant influence 
on the course of the curve. A small quantitative difference exists, which can 
probably be explained by the fact that there were only 6 subjects in the mecholyl 
group. Because the pilocarpine group includes a larger number of subjects, and 
because the rate range was somewhat larger, we use only this group for the 
discussion in the sections that follow. 

What especially interests us is to establish the sodium concentration of the 
parent fluid. It seems reasonable to assume that the sodium in sweat is derived 
from the blood stream. Schwartz et al. (1954) postulate a constant sodium con
centration from the primary fluid, but give no value for it. Thaysen (1960) gives 
a hypothetical value of 155mEq/l. Bulmer et al. (1956) conclude from their 
experiments that the sodium concentration in the secretory tubules is equal to 
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(mEq. 10cm" 2 .min"*) -
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V (mg . IO cm"2 .min"1) 

F I G U R E 24. Sodium excretion curves obtained after stimulation 
with mecholyl (black dots) and pilocarpine (open circles) 

that of the interstitial fluid. Very recently, Schulz et al. (1965) found, using 
micropuncture techniques values ranging from 123 to 168 mEq/1, with a mean 
value of 147 mEq/1. In sections 1 and 3 of this Chapter we measured isosmotic 
conditions between the blood and the parent fluid. Since sodium is the main 
cation of sweat, there is indirect evidence for believing that the sodium con
centration in the secretory tubule does indeed differ but little from that of the 
plasma. From the excretion curve in Fig. 24 it follows that at high rates of 
sweating the curve tends to run parallel to the dotted diagonal line. This line 
should describe the sodium excretion of the sweat gland, provided the parent 
fluid has a sodium concentration of 140 mEq/1 and no reabsorption of sodium 
or water occurs during the passage through the duct. 

The fact, that the slope of the experimental curve is almost the same as that of 
the dotted line (at high rates of sweating), suggests that the precursor fluid must 
have had a concentration of about 140 mEq/1. A similar procedure as was 
followed in section 3 can be used here. This means we have to extrapolate the 
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sodium concentration to infinitely high rates of sweating, i.e. to 1 /V = 0. It 

would, however, be better if we could transcribe the parameter : 1 /V into a more 

convenient term, namely the perfusion time, or time of passage of sweat through 

1 
the duct. The perfusion time can be written as: t = — , where 1 is the length of 

the duct and ν the velocity, ν equals V/π r2 if V is the rate of sweating, expressed 

per duct per second and r is the radius of the duct. So the perfusion time can 

7ІГ2 1 1 

finally written as: t = —- — = A • -— seconds since π г21 is assumed to be 

constant. If we take 10 μ as the radius of the duct and 4 mm for its length (Kuno, 

1956) and further accept that on the average 100 sweat glands are active per 

cm2 skin surface, the constant A becomes equal to 68.6 mm3. Sodium con

centration, plotted on a linear scale against perfusion time, yielded curves 

which gave the impression of following a single exponential course. We there

fore plotted sodium concentration semilogarithmically against perfusion time 

(Fig. 25). Curve A represents the mean of the curves observed in 45 subjects. 

Curve В is obtained as the mean of 8 sweat tests done on Subject 35, while 

curve С resulted after 4 tests on Subject 34. The curves obtained in another 

group of 5 individuals are plotted in Fig. 26 to illustrate the spreading. These 

were measured only once. It is now obvious that there is no case in which a 
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FIGURE 25. Logarithms of the sodium concentration in relation to 
the perfusion time. Curve A: mean values obtained in 45 control 
subjects. Curve B: mean values of 8 sweat tests carried out in one sub
ject. Curve C: mean values established for another subject (4 sweat 
tests). Pa: mean curve obtained for four patients with fibrocystic disease 
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FIGURE 26. The sodium concentration plotted logarithmically against 
the perfusion time for 5 controls to illustrate the individual variations. 

The same is shown for the 4 patients 

single exponential course was found. For convenience of extrapolation, two 

straight lines have been drawn through the two different parts of the curves, 

though both parts should very probably be connected by a more gradual and 

smooth transition. 

Extrapolation to t = 0 gives intercepts on the ordinate, varying from 100-

197 mEq/1, with a mean value of 137.8 mEq/1. Curve A, the mean of the total 

number of subjects studied, has an intercept of 140 mEq/1. The large scatter in 

the calculated intercepts indicates that this method must be fairly rough, or that 

it is too sensitive for minor errors in the determination of sodium or sweating 

rate. 

Although this method cannot give exact information, these results, together 

with the tendency of the excretion curve to run parallel to the isotonic line 

(Fig. 24), make it very probable that the parent fluid does indeed have a sodium 

concentration of 140 mEq/1. This is in agreement with data from the literature, 

and with the micropuncture studies of Schulz et al. (1965). It also agrees with 

our observations on frozen slices of skin discussed in section 1 of this Chapter, 

if one assumes that sodium is the main cation in sweat. 

If the precursor fluid thus has a constant sodium concentration of about 

140 mEq/1, the secretory process must have been followed by a reabsorption 

process. The magnitude of reabsorption can be calculated from Fig. 24 as the 
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vertical difference between the dotted line and the experimental curve at any 
given rate of sweating. 
In another section we shall discuss in more detail the typical course of the 
curves of Fig. 25 and Fig. 26 and the deviation from linearity, but first we 
should like to describe the secretory process itself. 

There is nothing to make one suppose that one is dealing with an ultrafiltration 
process: there is no anatomical evidence whatever for this. On theoretical 
grounds, we suggest that the secretion process is based on active sodium 
transport. If the sodium concentration of the parent fluid is equal to the plasma 
concentration, the most probable explanation is that sodium is transported by 
the secretory cells, and then the water diffuses passively to reestablish isosmotic 
equilibrium. If this hypothesis is correct, this implies that the rate measured at 
the skin surface must also be related to the primary sodium transport of the 
secretory cells. 

The next experiment was done to test this hypothesis. The usual sweat test was 
started in a subject, and the sodium and chloride concentrations and the rate 
of sweating were measured for the first 20 minutes. No variations from the 
normal course could be detected. After 20 minutes, an intradermal infusion of 
hypertonic NaCl solution (2.5 %) was given through a needle already inserted 
at the test site. For the following 30 minites, the infusion proceeded very slowly, 
and the rate of sweating, the sodium concentration and the chloride con
centration were again measured. The curves in Fig. 27 allow to read the effect 
of the infusion. The control time (20 minutes) allows normal values to be 
attained. When the hypertonic NaCl solution was started, however, the expected 
drop in sweat rate and in sodium concentration was not observed. In addition 
to this, it is remarkable that where the sodium concentration remains constant, 
the sweat rate shows no decrease either, but remains constant as well. This is 
what one would expect to find if the hypothesis were right. It seems that the 
sodium concentration at the basal membranes of the secretory cells determines 
the sodium transport through these cells, and water movement is a secon
dary phenomenon. 

It also seems that the sodium supply to the gland cells is not dependent only 
on the blood stream. From the literature we also know that sweating continues 
during arterial occlusion. So the sodium concentration at the basement mem
brane or the interstitital fluid may possibly determine the rate of transport. 
Whatever the correct explanation, this experiment strongly suggests that the 
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secretory process is regulated by the sodium ion transport, and the rate of 

sweating is merely a reflection of this primary transport mechanism. 

Sodium excretion in patients with fibrocystic disease. The sodium concentration 

is very significantly raised in 99 % of patients suffering from fibrocystic disease. 

The sweat test thus becomes the most reliable tool in the diagnosis of this illness 

(di Sant'Agnese, 1959; Shwachman et al., 1962). Although we have studied very 

few patients, we believe the following data to be representative enough since 

they differ so much from the controls and are in full accord with the literature. 

With these data at hand, we followed the same procedure for the 4 patients as 
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FIGURE 27. Response of the sweat gland when 
20 minutes after stimulation a hypertonic NaCl 
infusion is given intradermally. The expected 
normal drop in rate of sweating and in sodium 
concentration are given by the dotted lines 
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FIGURE 28. The sodium excretion observed in 4 patients 
compared with the sodium excretion in controls 

we did for the controls (Fig. 25; Fig. 26). The measured intercepts are 105, 120, 

132, and 138 mEq Na/1, respectively. So once again a large scatter is found, and 

definite conclusions cannot be drawn. They do, however, support the findings 

obtained in section 1 and conflict with the suggestion that the sodium con

centration of the primary fluid in these patients should be higher than in the 

normal controls (Sibinga et al., 1963). 

The theory that the parent fluid in patients is the same as in the controls is also 

supported by the fact that the rate of sweating is the same in both groups. 

Since we relate rate of sweating to the sodium influx into the gland, we also 

believe that from this point of view indirect evidence is available for saying that 

the sodium influx must be the same. The third argument can be derived from 

Fig. 28, where sodium excretion is plotted against sweat rate. The curve ob

tained in patients also tends to go parallel with the diagonal line, implying 

that the sodium concentration of the parent fluid must be equivalent to 140 mEq/1 

sodium. Compared with the normals, only a small fraction of the sodium is 

reabsorbed (vertical distance between straight line and experimental curve). 
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6. WATER TRANSPORT IN THE GLAND 

Before being able to formulate the sodium reabsorption process more quan

titatively, we need to have more information on the movements of water within 

the gland. It makes a great difference whether the water secreted into the coil 

of the gland is delivered quantitatively onto the surface of the skin, or whether 

water escapes from the duct, together with sodium. It has long been known 

that the urea concentration of sweat is always higher than the plasma con

centration. Schwartz et al. (1953) studied this phenomenon carefully and dis

covered that urea traverses the glandular epithelium passively by means of 

diffusion. If this is correct, and the sweat concentration is still higher in com

parison to the blood plasma, several explanations are possible. First of all, urea 

may be produced in the gland itself and added to the secretory product. Until 

now, no evidence could be found for this suggestion. Kuno (1956) e.g. was un

able to establish arginase activity in sweat gland tissue. Diffusion of extra urea 

into the hypotonic sweat also seemed improbable. The most satisfactory ex

planation was therefore to suppose that water was reabsorbed by the duct. This 

is why we commence by attempting to follow the path of the urea through the 

gland system. 

a. Passive diffusion of urea 

Two subjects were stimulated by pilocarpine. After 9 minutes, both subjects 

received urea orally (subject vR. 10 grams, and subject vdH. 30 grams). Im

mediately after administration of urea, its concentration was measured in the 

sweat and in the blood at intervals of 5 minutes. The results are shown in 
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Fig. 29. It is clear that a rise in blood urea (P) is rapidly followed by an increase 
in sweat urea concentration (S), and the course of both curves strongly suggests 
a simple diffusion process for the transport of urea through the glandular 
epithelium. In order to exclude an active component in the transport of urea 
we should really load the subjects with much higher urea concentrations in an 
attempt to demonstrate the saturation effect. We did not carry out this ex
periment since Schwartz et al. (1953) had already investigated this in uremia 
patients with blood concentrations up to 300 mg %. Even at these very high 
levels, no saturation was detectable, so one may conclude that urea does pass 
out by passive diffusion. Although our findings agree with most of the results 
which Schwartz et al. obtained, there is one important difference. The curves 
indicate that the time lag necessary for the sweat concentration to react to a 
raised blood concentration is very small. This time lag must be of the order of a 
minute, or at any rate, much less than the 41/'2 to 5.1 minutes found by these 
authors. A time lag of 1 minute agrees very well with the passage time of 60 
seconds for Na24 measured by Burch at al. (1947). The time of 1 minute includes 
the sum of different diffusion times (from blood-stream to parent fluid) and the 
passage time through the duct. The time necessary for crossing the gland 
epithelium alone must therefore be very small. Since sodium transport and urea 
transport have the same characteristic time lag, it is very probable that both 
follow the same route. In the light of the hypothesis proposed in the preceeding 
section this implies that if sodium undergoes active transport, the water and 
urea must follow passively until osmotic equilibrium with the blood plasma is 
again established in the secretory coil. But an implication of this theory is that 
the urea concentration of the parent fluid must be equal to the plasma con
centration. If the time lag for urea had been 5 minutes, while sodium only 
needs 1 minute to cross the membrane, then the urea concentration in the 
parent fluid could never have been equal to that in the plasma. At the moment, 
however, there is no evidence available to support any contrary theory. 

b. The SIP ratio 

From the foregoing, we deduced a simple diffusion process. But measuring the 
sweat urea concentration at the skin surface always gives higher urea con
centrations than that found in the blood plasma. In 170 determinations of the 
S/P ratio in 3 subjects we found a ratio slightly under 1 only 10 times. If we 
accept a diffusion process for urea, only one explanation can be given : water, 
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or more water than urea, must be being reabsorbed from the primary fluid. 
This means that the duct wall has to be impermeable or relatively impermeable 
to urea. Since in the past urea has often been used to measure the total body 
water, based on the assumption that it is distributed evenly throughout the 
entire body water, this proposition would seem somewhat contradictory. Im
permeability to urea is, however, also postulated for a part of the distal kidney 
tubule by Ullrich et al. (1962) and Lassiter et al. (1964). Moreover, comparative 
impermeability to urea has been established for several other physiological 
barriers, such as the blood-cerebro spinal fluid membrane, and for the fluid of 
the chambers of the eye. As far as the duct of the sweat gland is concerned, the 
lumen membrane or 'cuticle' (see Chapter I) may possess the ability to prevent 
urea from escaping from the duct. From the fact that the S/P-ratio is always 
higher than 1 it follows that the permeability to urea must at least be lower than 
the permeability to water. But several arguments can be advanced to show that 
the permeability to water must be very small. In the first place, the observed 
hypotonicity of sweat itself points to a low permeability for water. O'Brien 
(1952) even believes that the duct must be completely impermeable, on the basis 
of experiments carried out on patients with miliaria rubra, in which the duct is 
plugged with kératine. Also, Thompson (1962), who studied sweat gland 
function in skin grafts, showed dilatation and cyst formation in the duct after 
stimulation of those glands which did not make contact with the skin surface. 
Ratner et al. (1964) have recently measured the influence of ADH on the sweat 
gland, and came to the conclusion that the duct wall can not be freely permeable 
to water. At such an extremely low, or even absent, permeability to water, and 
with an S/P ratio for urea greater than 1, the permeability for urea must be 
negligibly small. Accordingly if the duct wall is essentially impermeable to urea, 
this substance attains the same value for tests on sweat gland function as inulin 
has in kidney function tests. 

c. The water reabsorption of the duct 

Since urea diffuses through the secretory epithelium, and the concentration 
process depends on water reabsorption, then the S/P value is a measure of this 
water reabsorption, Schwartz et al. (1953) found that the S/P ratio was in
dependent of the rate of sweating. Bulmer et al. (1956) and Dobson (1962), 
however, observed an inverse relationship between the two parameters. If we 
use our 170 measurements to calculate a regression line through the plotted 
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F I G U R E 30. The S/P ratio for urea in sweat is independent of rate of 

sweating. Curve I and II are calculated regression lines (least square 

method). For explanation see text 

curve (line II, Fig. 30) we find no significant difference from the regression line 

calculated from the mean ratios per period of 5 minutes (line I). For individual 

subjects, a very small positive slope for the regression line can be calculated 

8 times, and a small negative one 9 times. Thus, our conclusion must be that, 

the S/P ratio for urea is independent of the rate of sweating in our measured 

range of V. 

If only water is reabsorbed, and no urea, this means that a constant fraction of 

V must have been reabsorbed. Since the mean S/P ratio is 1.2, then, 17% of the 

water in the duct must have returned to the blood stream. Another con

sequence is that the amount of water secreted in the coil ( Φ ? 2 θ ) can be cal

culated if V measured on the surface of the skin is known, then Ф ? г 0 = V -S/P 

= urea clearance of the gland. 

Schwartz et al. (1953) found a constant S/P value of 1.72. Water reabsorption 

must therefore have been higher in their experiments. Since they used mecholyl 

to stimulate sweat secretion, while in our experiments pilocarpine was used, 

some effect of the different drugs on the membrane cannot be ruled out. Quite 

different results were obtained by Bulmer (1957) and Dobson (1961). Both 

measured a larger water reabsorption as sweat rate decreased. This discrepancy 

can probably be explained by the fact that the experimental points on the graphs 

were obtained from several sweat tests and not in the course of one single 

sweating period, thus allowing possible influences of diet and acclimatization to 

interfere with the results. Moreover, their collection periods were comparatively 
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long (20 minutes), enabling the sweat to diffuse back into the skin and allowing 

the bacterial ureases on the skin surface to bring about changes in the urea 

concentration. 

Fibrocystic disease patients. Little information is available concerning urea con

centration in the sweat of these children. Gochberg et al. (1956) and Clarke et al. 

(1961) give figures which show no divergence from those in control children. 

The results are, however, not correlated with sweat rate, so no conclusions can 

be drawn about the constancy of the S/P value. Fig. 31 gives our results ob

tained in 2 patients. It is evident that the water reabsorption is not independent 

of the rate of flow in these children, unless permeability to urea changed during 

the test. At low rates of sweating, scarcely any water reabsorption occurs, while 

at high rates, a larger fraction of water must be reabsorbed as compared with 

the controls. In the first section of this Chapter we postulated that the sweat 

gland defect in fibrocystic disease must be located in the duct of the gland. This 

agrees with the observation described here, because reabsorption of water is 

also thought to take place in the duct, and this water reabsorption ( Φ " i 0 ) clearly 

differs from the normal course. 

7. SOME CHARACTERISTICS OF THE PROCESS OF 

S O D I U M R E A B S O R P T I O N 

a. The net sodium flux 

Accepting the urea clearance of the gland as a measure of the water influx into 

the gland system, and taking the sodium concentration of the precursor fluid 

S/P u r e o 1 
2 Ο

Ι 0-

2 ' 4 6 β 
V(nig.10cjn"J min"1) 

FIGURE 31. S/P ratios for urea obtained in 2 patients suffering 
from fibrocystic disease 
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TABLE XVI. Mean values obtained in 45 subjects after 
stimulation with pilocarpine 

1 

Time 

min. 

after 

stimu

lation 

mg 

2 

V 

.10 cm-2. 

min - 1 

3 

φΗ2θ 

mg. 10 cm - 2 . 

min - 1 

4 

φΗ,Ο 

mg. 10 cm - 2 . 

min - 1 

5 

Na 

cone. 

mEq/L. 

6 7 

Sodium reabsorption ж , ,. 
Na gradient 

A В 

mEq. 10 cm"2. Eq. cm"2, sec"1 

min - 1 (cm2 = reabsorb-

(cm2 = skin ing surface sweat 

surface) gland duct) (140-Na) mEq 

10-15 

15-20 

20-25 

25-30 

30-35 
3 5 ^ 0 

40-45 

45-50 

4.85 
4.45 

4.05 

3.53 
2.85 

2.18 

1.63 

1.23 

5.82 

5.34 

4.86 

4.24 

3.43 

2.62 
1.96 

1.48 

0.97 

0.89 

0.81 

0.70 

0.57 

0.43 

0.32 

0.24 

59.02 

54.07 

49.08 

42.02 

37.13 
31.66 

28.47 

24.94 

529.2 χ IO"» 

507.1 χ 10"» 

482.6 χ 10-6 

445.8 χ IO"6 

374.2 χ 10-« 

298.0 χ 10"« 

228.7 χ 10-« 

177.1 χ 10-« 

3.51 x 10-9 

3.36 x ю-» 

3.20 x 10-» 

2.96 x IO"9 

2.48 x 10-9 

1.98 x IO"9 

1.52 x IO"9 

1.18 x IO"9 

80.98 

85.93 

90.92 

97.98 
102.87 

108.34 

111.53 

115.06 

to be 140 mEq/L, we are able to calculate the amount of sodium which is 

presented to the reabsorbing membrane. The total sodium excretion is known 

from the determinations on the surface, so the difference between the two in

dicates the total amount of sodium reabsorbed. The data are tabulated in 

Table XVI. Columns 2 and 5 give the measured sweat rates and sodium con

centrations, all other values being derived by calculation. In the calculation of 

water influx, a mean value of 1.2 is used for the S/P ratio. Column 6A gives the 

amount of sodium reabsorbed per 10 cm2 skin surface. The figures are, how

ever, unusual, and this prevents comparison with the sodium flux determined in 

other organ systems. We therefore also calculated the flux per cm2 of reabsorb

ing surface (6B), although we had to accept some assumptions here. The total 

length of the duct is thought to be 4 mm, while the diameter is taken as 20 μ 

(Kuno, 1956). Furthermore, the total number of active glands is estimated to 

be 100 per cm2. Table XVII is included for comparison of these figures with 

other sodium transport processes. 

The order of magnitude of our figures is in good agreement with those of other 

organs. One difference does, however, remain obscure. Our calculated net flux 

definitely varies with the rate of flow through the duct. In 1961 Thurau et al. 

also described this effect for the proximal tubule of the kidney, and Lassiter et 
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TABLE XVII. Net sodium fluxes given in the literature 

net Na flux 
Eq * c m - 2 · sec - 1 Reference 

Proximal tubule of rat kidney 3.0-3.4 • IO-9 Windhager et al. (1961-a) 

Proximal tubule of rat kidney 7.2 · 10 - 9 Thurau-Deetjen (1961) 

Proximal tubule of rat kidney 7.6 · 10 - 9 Giebisch et al. (1964) 

Frog skin Γ4.5 · IO"1 1 Ussing (1949) 
4.35 · IO-I« Leaf (1963) 

Duct of sweat gland 1.18-3.51 · IO"9 see Table XVII 

al. (1964) found that proximal sodium reabsorption was proportionate to the 

amount of sodium presented to the tubule wall in unit time. Very recently, 

Cortney et al. (1966) observed that the sodium reabsorption in the kidney also 

varied as the perfusion rate changed. So sodium reabsorption does not seem to 

have any fixed magnitude but depends on variables other than the reabsorbing 

surface alone. We will refer to this observation again in the final discussion. 

b. Coupling between sodium and water transport 

A second interesting finding may be discussed here. We found arguments 

suggesting that the duct wall is poorly permeable to water. But water still leaves 

the duct, as discussed in the preceeding section. Moreover, the outflow proved 

t J be a constant fraction of the inflow. In general, fluid or water transport 

through membranes can be devided into : 

1. water transport with a hydrostatic or osmotic pressure gradient as the driving 

force; 

2. non-osmotic water transport linked to active transport of solutes. 

Hydrostatic pressure gradient. Sweat delivered at the surface of the skin has 

been forced to flow through a duct system, so a pressure gradient must exist 

along the duct, and there must be a transmural pressure gradient across the 

wall. Kittsteiner (1913) measured a secretion pressure of 250 mm Hg for the 

sweat gland. This seems very high, but unfortunately no other measurements 

are available in the literature. In order to get at least some idea about the 

magnitude of this pressure, we calculated it from Poiseuille's equation : 
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where, Φ = volume per unit time 

1 = length of the duct between points at a pressure difference of p i — рг 

η = viscosity, expressed in poises 

r = radius of duct 

The same assumptions are used as in the previous section (1 = 4 mm; г = 10 μ; 

100 active sweat glands per cm2 skin surface), and the S.G. and viscosity of 

sweat are taken to be 1 and 0.01 poise respectively. Using the highest measured 

sweat rate, the calculations give a value of 0.6 mm Hg for the pressure gradient. 

If, instead of a hundred, only 50 glands are in operation, or if the viscosity is 

twice the figure given here, the pressure gradient becomes only 1.2 mm Hg. 

Assuming we can use this formula for the duct, these calculations give of course 

only approximate information. But we believe they contain sufficient evidence 

for supposing that a hydrostatic pressure gradient alone can not explain the 

water transport through the wall of the duct. 

Osmotic pressure gradient. For hypotonic sweat, the osmotic gradient is in the 

right direction to promote water transport. But from column 7, Table XVI, 

it is clear that the sodium gradients present in the most distal segment of the 

duct (referring to a plasma concentration of 140 mEq/L) are not in accord with 

such water transport. The water outflux is highest at low sodium gradients and 

becomes appreciably lower if the gradient increases. Moreover, the fractional 

amount of water transported remains constant, as reflected by the constant 

S/P ratio. These observations are contradictory too, so the idea that the osmotic 

pressure gradient is the driving force for the water transport can also be ruled 

out. 

Non-osmotic water transport. This type of water transport across a membrane 

is observed to exist even without any osmotic or hydrostatic pressure gradient 

across the membrane. House (1964) concludes that this type of water transport 

through the skin of the frog is not coupled directly to active sodium transport, 

because it continues while the membrane is in contact with choline-Ringer 

solution on both sides. He found evidence for supposing that the water transport 

was linked to the metabolic processes which maintain the ionic pump. Wind-

hager et al. (1961-b) postulated that the driving force for the transport of water 
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in the proximal tubule of the kidney of Necturus is the active transport of 

sodium itself. This agrees with the experiments of Diamond (1964) who ob

served that water transport across the wall of the gall bladder was coupled with 

active ion transport under experimental conditions where no osmotic or hydro

static pressure gradient could be responsible. Because no satisfactory explanation 

could be found for the sweat gland duct on the basis of a pressure gradient, we 

tried to correlate the water outflux with the net flow of sodium (Fig. 32). The 

semilogarithmic representation was selected on empirical grounds, because in 

this way the relationship became linear for the greater part of the curve. The 

lower part of the curve deviates markedly from the straight section. Here water 

transport becomes proportional to the flux of sodium across the wall. We 

believe this graph strongly suggests that water transport in the duct of the 

sweat gland is in some way coupled to the transport of sodium. Moreover, the 

curve illustrates that two processes may be operating, a reabsorption of water 

which varies logarithmically with sodium reabsorption, and a form of water 

resorption proportional to sodium transport. 
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FIGURE 32. Calculated net sodium flux (Ф^а) and net 
water flux (Ф"2 0) through the wall of the duct 
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с. Approaches to further research 

In the preceeding section, two ways of reabsorption of water were suggested. 

But since water transport can hardly be regarded as the primary transport 

mechanism, the question remains whether these data suggest two processes 

governing sodium. From figures 25 and 26 we learned that the decline in sodium 

concentration does not follow a single exponential drop. The experimental 

points obtained in the control subjects fell reasonably well on two straight 

lines, except in the transitional part. In the patients, however, only one straight 

line could be drawn. This distinct difference, together with observations pre

viously described which demonstrated that the defect must be localized in the 

duct, favors the hypothesis that two types of reabsorption are in operation 

along the wall of the duct. 

Besides these indirect arguments, we also know on anatomical and histological 

grounds that the duct can be devided into two clearly differentiated parts, the 

coiled portion and a distal straight segment. Both have a different surrounding 

medium and different histological characteristics (Ellis, 1962), and both parts 

are strongly vascularized, each from a different vascular plexus (Dobson et al., 

1962). In the straight distal portion Schulz et al. (1965) measured a potential 

difference of about 50 mV (lumen negative with respect to basal membrane), 

decreasing after application of strophantine, while at the same moment the 

concentration of sodium increased. So there can be no doubt about the existence 

of an active process in that portion of the duct. This is in contrast with Kuno's 

findings (1956), for he postulated that the straight part merely plays a passive 

role. No such measurements are yet available for the coiled portion, but histo-

chemists have demonstrated that the cells of this part of the duct are as active 

as those of the straight section. 

Richterich et al. (1963) and Plöchl et al. (1965), who studied the influence of 

several diuretics on sweat electrolyte secretion, also concluded that the ob

served changes could best be understood by postulating two different receptor 

sites for these drugs. Evidence thus comes from several sides suggesting that the 

process of sodium reabsorption is possibly run by two different mechanisms. 

In analogy with the well known transport processes studied in other biological 

membranes, two methods of sodium transport are preferred, namely: sodium 

transport in association with chloride, or alternatively a mechanism where 

sodium is exchanged for potassium. 

Preliminary results, which illuminate this question to some extent, are discussed 

in the following two sections. 
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8. POTASSIUM EXCRETION 

It is generally agreed that the concentration of potassium is higher in the sweat 

than it is in the blood plasma, and that this concentration is independent of the 

rate of sweating (Schwartz et al., 1954; Thaysen, 1960). Similar results have been 

obtained in other glands like the submaxillary gland of the dog (Yoshimura et 

al., 1963) and the parotid gland of man and the dog (Thaysen et al., 1954; 

Burgen, 1956). Burgen (1956) was the first to give extensive study to the problem 

of potassium excretion by the parotid and submaxillary glands. He observed 

that over a wide range of flow rates the potassium concentration of the saliva 

showed no change. In the period immediately following stimulation, however, 

he found much higher values, which decreased to a constant level within 2 to 

5 minutes. He also discovered that during this transient phase the intracellular 

potassium was replaced by sodium ions. Schneyer et al. (1961) was able to 

prove that in potassium deficient rats the rate of flow was significantly lower 

than in controls. This short introduction is already sufficient to warrant further 

study of potassium excretion by the sweat gland. We only studied certain 

aspects. The discussion which follows should therefore be considered more as 

an attempt to complete the foregoing sections, than as a separate study of 

potassium movements in the gland. 
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FIGURE 33. Decrease in potassium concentration after stimulation 
with pilocarpine in subjects used to physical exercise (black dots) and in 

"untrained" subjects (open circles) 
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FIGURE 34. The potassium concentration followed during 
a longer period of time in 2 subjects 

The mean potassium concentration in sweat, observed in 26 student subjects, is 

comparatively high after stimulation and falls off progressively to a more or 

less constant level (solid line, Fig. 33) as time passes. Sweat tests carried out on 

members of the laboratory staff during the course of their daily work (12 sub

jects) yielded the black dots in Fig. 33. Both groups were stimulated with pilo

carpine. These observations strongly suggest that this phenomenon is similar 

to the one described by Burgen (1956) in that a transient phase was absent in 

glands which were not at rest at the time of stimulation. Our group, measured 

during daily activity, can be regarded as representative for a similar situation. 

In these 'trained' persons the potassium concentration becomes nearly in

dependent of the sweat rate. In subjects unused to physical exercise, a clearly 

transient phase is observed. No clear steady state could be established for either 

groups. We, therefore, followed the potassium concentration for a much longer 

time (100 minutes) in 2 subjects. Although, there is some scatter in the data 

(Fig. 34) both curves show two more or less constant levels, with a change 

between 35 to 40 minutes after stimulation. 

Our preliminary conclusion must be that after stimulation of the resting gland 

a short transient phase is observed, very probably reflecting some redistribution 

of potassium in the gland cells. After this redistribution phase, a constant level 

is reached. In 'trained' people, with sweat glands not at rest at the time of 

stimulation, no transient phase could be seen but two different levels of potas

sium concentrations were observed. What can be the reason for this drop in 

potassium concentration? To explain the next step, we must first remember 

that all concentrations measured so far are higher than the plasma value, so 

secretion of potassium must have taken place .But secretion of potassium is 

theoretic?lly possible at two places of the gland, namely during the process of 

secretion into the coil, and during the reabsorption of sodium, although a 
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combination of both mechanisms can not be ruled out. We believed that the 

short transient phase observed after stimulation, and the observation that no 

transient phase can be seen in 'trained' subjects, argue for the excretion of 

potassium during the secretory process. If, however, potassium excretion is also 

incorporated in the sodium reabsorption process, it seems worth testing the 

probability of an exchange mechanism in which potassium can be replaced by 

hydrogen ions, as it happens in other organ systems (e.g. kidney and muscle). 

From Chapter I we know that sweat is often found to have a low pH. Measure

ment of the pH of very small quantities of sweat is, however, beset with many 

difficulties, so we measured the ammonium excretion which also reflects the 

hydrogen ion excretion of the system if present. The ammonium concentration 

obtained in 5 subjects is compared with the simultaneously determined potas

sium concentrations in Fig. 35. It becomes clear that at the start of a sweat test 

the ammonium concentration is already in excess of the plasma concentration 

(0.1-0.2 mg %). The ammonium concentration varies inversely with the potas

sium concentration of the same sample of sweat. This does suggest that potas

sium excretion can be replaced by hydrogen ion excretion after a certain time. 
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FIGURE 35. Relationship between potassium and ammonium 
concentration in 5 subjects 
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FIGURE 36. The effect of dietary sodiumchloride and of 
exogenous aldosterone on the sodium-potassium ratio in sweat 

In the kidney, where a similar mechanism was described by Pitts (1954), Ullrich 

et al. (1958), Brodsky et al. (1962) and Rector (1956), it is known that ammonium 

can be synthesized from glutamine under the influence of glutaminase-I. This 

enzyme has not yet been isolated in the sweat gland, but Kuno (1956) refers to 

experiments of Itoh who did demonstrate glutaminase activity in skin slices. 

Although these observations are not conclusive enough to postulate competition 

between К and Η-ions during the reabsorption of sodium, they still favor the 

conclusion that potassium is secreted by the duct cells. 

In order to find out more about this question we studied the influence of exogen-

ously administered aldosterone on the Na/K. ratio of sweat. We loaded two 

subjects with 10 g NaCl daily in addition to their normal dietary intake. The 

intention was to decrease their normal endogenous aldosterone production 

(Blair-West, 1965). Sweat tests were carried out at regular intervals throughout 

this period. It is clear from Fig. 36 that the Na/K ratio does increase. In subject 

'AdK' and subject 'PvR', aldosterone was given intravenously after 10 and 

6 days of salt loading respectively. The sweat test was repeated 3 to 4 hours 

after injection. A definite response to aldosterone could be demonstrated in 

both cases. So the increase during the period of salt loading, and the decrease 

after aldosterone are both consistent with the known effects of aldosterone on 

sodium-potassium exchange across membranes. The final conclusion must, 

therefore, be that potassium is not only secreted into the coil of the gland, but 

is very probably also secreted in exchange from sodium during the process of 

103 



reabsorption, and that in this respect potassium can be replaced by hydrogen 
ions. No conclusions can be drawn from these experiments regarding the extent 
to which these two processes interfere with each other. 

Potassium excretion in fibrocystic disease patients. The concentration of potas
sium in the sweat of patients suffering from fibrocystic disease is found to be 
higher than it is in controls. In evaluating these observations, we shall first 
have to consider the possible influence of water reabsorption on the final pro
duct, because Section 6 demonstrates that water reabsorption increases in these 
patients at higher rates of sweating. In Fig. 37 the S/P ratios measured in 
2 patients are plotted against potassium concentration. From this graph it 
follows that if the S/P ratio had been 1, that is no reabsorption of water had 
taken place, the potassium concentration should still have been 6 mEq/L (in the 
serum of both patients, values of 4.3 and 4.7 mEq/L were measured). If potas
sium had passed through the epithelium passively and was only concentrated 
by water reabsorption, the experimental data would have fallen on the dotted 
line. Because an appreciable deviation is found, a considerable amount of 

K(mEq/0 
30 -, 

3.0 
S / P urea 

FIGURE 37. Potassium concentration in relation to water 
reabsorption as reflected by the S/P ratio for urea 
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FIGURE 38. Invers relationship between potassium and 
ammonium concentration measured in the patients 

potassium must have been secreted into the sweat. In comparison with the 

control values, the tremendous potassium excretion in these children becomes 

more evident (Fig. 38). The reverse relationship between potassium and 

ammonium in these patients is also clearly demonstrated by the figure. Fig. 38 

shows that as the sodium concentration in sweat rises, so does also the potas

sium concentration. This last fact would be difficult to understand had only 

potassium been secreted into the coil. But if sodium is reabsorbed in exchange 

for potassium as proposed in the previous section, this phenomenon is to be 

expected. Thus these measurements also provide indirect evidence for the 

existence of the postulated Na/K exchange mechanism. There were only quan

titative differences between controls and patients in this respect. This means that 

the duct in patients must operate by the same mechanism, but their exchange 

mechanism is accelerated as compared with the controls. If this conclusion 

is right, then the most probable explanation is that in part of the duct, proximal 

to where sodium and potassium are exchanged, no sodium is reabsorbed in 

the patients. A high concentration thus reaches the distal reabsorption surface 

and catalyzes the exchange mechanism. A similar stimulating effect of high 

sodium concentration on sodium-potassium exchange is also described by 
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Davies et al. (1961) in the case of the muscle cell membrane. For the sweat 
gland this can be understood if the sodium pump were located in the basal 
membrane and the lumen membrane had a limited permeability for sodium. 
High lumen sodium concentrations will then increase the sodium level in the 
cell and thus stimulate the pump mechanism. 

9. SOME REMARKS CONCERNING THE RATIO OF SODIUM TO CHLORIDE 

The sum of the cations in sweat has to be compensated by an equivalent 
quantity of anions, and there is every reason to expect that chloride plays a 
vital part in maintaining this equilibrium. But it became clear from the ex
periments that some other anion (or anions) was also making a substantial 
contribution. If we construct Gamble diagrams with the sum of the sodium, 
potassium and ammonium at the positive side, and chloride alone at the ne
gative side, 21-34 mEq/L (varying with rate of sweating) are missing from the 
anionic side. In this respect we are forced to consider lactate, one of the products 
of the metabolism of the gland. We did not measure lactate concentrations, but 
Âstrand (1963) determined values of 19 to 61 mEq/L and Adams et al. (1958) 
20 and 17 mEq/L. At first approximation the lactate concentration seems be 
sufficient to compensate for the ionic balance. Because glycogen disappears 
from the secretory cells as well as from the duct cells after stimulation of the 
gland, lactate can theoretically be produced either in the coil or in the duct 
cells or in both places at the same time. This interference by the lactate ion will 
markedly afifect the interpretation of the movements of the chloride ion. For 
this reason we give some attention to the sodium-chloride ratio, in particular 
comparing patients with normal subjects in this respect. The basic assumptions 
here are: 

1. the secretory process in patients does not differ from that in controls 
(sections 1, 2, and 5 of this Chapter); 

2. the cells of the secretory coil and those of the duct contain the same amounts 
of glycogen in both groups (di Sant'Agnese, 1960); 

3. lactate production is the same in the controls and in the patients (Gochberg 
et al., 1956;Gibbs, 1960). 

Table XVIII gives the mean Na/CI ratios determined in 14 control subjects. 
The Na/CI ratio varies with the rate of sweating and it does not have a constant 
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TABLE XVIII. Sodium chloride ratios in 14 control subjects 

Time after 
stimulation 10-15 15-20 20-25 25-30 30-35 35^0 40-45 45-50 

min. 

V 
mg · 10 cm" 2 · min-1 4.01 3.71 3.25 2.76 2.34 1.84 1.48 1.13 

Cl 
mEq/L 27.7 26.3 25.2 24.0 22.0 22.1 22.5 24.5 

Na/Cl 2.10 2.04 1.96 1.79 1.65 1.49 1.39 1.34 

value. (The corresponding value for the plasma is 1.37). Sweat values from 1.0 

to 2.0 are given in the literature but no relationship with rate of sweating is 

quoted. Brusilow (1960) described the same relationship observed for the 

parotid gland of the dog. From these figures it is clear that chloride transport 

in the gland must differ quantitatively from sodium transport. The question 

remains how these two processes differ from each other. 

Does chloride belong (in different concentrations) to the precursor fluid, or does 
Na-reabsorption 

differ in the duct? That chloride reabsorption does occur is 

Cl-reabsorption 

demonstrated by Sargent (1962). According to the hypothesis in the previous 

section the sodium-potassium exchange process will be negligibly low at very 

low rates of sweating. From Table Х Ш it follows that at this point a Na/Cl 

ratio is reached which is nearly equal to the plasma value. For a ratio of 1.37 

and a chloride concentration of 22 mEq/L, the corresponding sodium con

centration of the sweat must be 30 mEq/L. If we further assume that the sodium 

concentration of the precursor fluid is 140 mEq/L and the sodium-potassium 

exchange is negligible, then sodium reabsorption, together with an equimolar 

portion of chloride, gives the most probable picture. From these data we can 

easily calculate that in this case the chloride concentration of the precursor 

fluid should have been 132 mEq/L. This agrees with the micropuncture studies 

of Schulz et al. (1965) who measured values of 118 to 130 mEq/L in the se

cretory coil. Needless to say, this formulation cannot be taken as proof that 

sodium is reabsorbed together with chloride, though the experimental data so 

far are in accord with such a hypothesis. 

If we continue along this hypothetical line, and include the suggestions made 
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in the previous section - namely that only in patients a sodium-potassium ex
change process is at operation - then we can predict what should theoretically 
happen to their Na/Cl ratio. If the secretion in these patients is not different 
from that in the controls, and little or no sodium or chloride is reabsorbed, 
while sodium is still being exchanged for potassium, the final chloride con
centration must be high, possibly even exceeding the corresponding sodium 
concentration. This means that their Na/CI ratio must be less than 1. In our 
patients, values from 0.77 to 0.94 have been measured. Compared with the 
controls, there can be no doubt that these values do differ very significantly, 
and this again favors the assumptions made. In the literature Na/Cl ratios less 
than 1 have also been reported for patients (Chapter I) ; the strange thing is 
that no one has ever recognized these data as such before. 
If we locate the sodium chloride reabsorption process in the proximal portion 
of the duct, it is clear that in patients a high sodium chloride concentration gets 
through to the distal portion, which may well stimulate the exchange pump. 
This also explains why chloride concentrations markedly in excess of the blood 
plasma values are sometimes measured in patients. This was previously in
explicable, because some sodium reabsorption was always measured in patients. 
Although the previous argument is based only on indirect evidences, the ex
perimental data fit the hypothesis very well, while the observed difference 
between controls and patients can be explained without difficulty. 

1 0 . T H E T W O - S T E P R E A B S O R P T I O N H Y P O T H E S I S 

We believe that the arguments discussed in the last part of section 7, together 
with the observations mentioned in the two previous sections justify an attempt 
to describe reabsorption in the duct of the sweat gland on the basis of two 
separate reabsorption mechanisms. For this reason we must first examine the 
premises used in the following description. First, we take it that the precursor 
fluid is isotonic with blood plasma and the sodium concentration of the parent 
fluid is 140 mEq/L. In this respect, no difference between control subjects and 
patients suffering from fibrocystic disease could be established. Secondly, 
during reabsorption of sodium, the outer compartment (the blood stream) is 
regarded as infinitely large compared to the sweat gland. This compartment has 
a constant sodium concentration of 140 mEq/L. In the third place, we assume 
that two reabsorption processes are operating along the duct wall. Proximally, 
sodium is reabsorbed together with chloride. In the distal portion, sodium is 
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exchanged for potassium. The proximal part is taken to be the coiled portion 

of the duct, while the straight portion is the distal segment. In the fourth place, 

the proximal process is characterized by the fact that sodium continues to flow 

in while it is still being reabsorbed because of back-diffusion. The outflux will, 

however, be greater until an unknown equilibrium concentration is reached at 

which the two become equal. Finally, although the same assumption holds in 

principle for the distal segment we will neglect the influx component here for 

the following reason. Extremely low sodium concentrations are sometimes 

measured. Values even lower than 10 mEq/L are not exceptional, particularly in 

children. So the influx must have been negligibly small. Also, the strong hypo-

tonicity of sweat favors the idea that back-diffusion cannot play an important 

rôle in the distal portion of the duct. 

duct 

proximal distal 

dx x=a 

F I G U R E 39 

x . I 

Fig. 39 shows a schematic diagram of a duct. When ν is the velocity of the fluid 

in the duct (=V/7rr2, where V is the rate of sweating, as defined earlier, and r 
dx 

is the radius of the duct) then — is the passage time or perfusion time (t) of the 

fluid in segment dx. The sodium concentration of the sweat is с The change in 

sodium concentration due to the proximal process between χ = 0 and χ = a 

can be written as: 

dc x = — kcx — + k' (Co— Cx) -
ν ν 

(12) 

where к and k' are constants, describing the outflux and influx respectively. 

According to the above assumptions the distal process between χ = a and 

χ = 1 can be written as follows : 

dx 
dcx= — k"cx (13) 
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where к" is a constant describing the distal outflux. Solving equation (12), 

using the boundary condition that c x equals Co at χ = 0, after substitution of 

χ = a, gives : 
_ k + k ' 

к' . к v a (14) 
— Co-f — Co e " k + k' " ' k + k' 

Solving equation (13), using Cx= c a at χ = a, gives: 

Cx = Ca e 

( x - a ) 
V (15) 

1 
If equation (14) is substituted in equation (15) we find at χ = 1 (using t = — = 

perfusion time) 

1 a 

In ci = In Co — k" — j — t + In 
k' 

· + к + к' f к + к' 
(к + к ' ) т t (16) 

The values of к, к' and к" may be derived from the experimental curve (Fig. 

25A) as follows: 

For very high values oft, the third term of equation (16) 

In к' к — (к + к') - ρ t 
e 1 к -ι- к7 + к +"к'" 

approaches 

Then, 

In к' 
k + k' 

In ci χ In , , , , Co — к" — ; — t. 
k + k ' 1 

If a is equal to г 1 (deduced from the anatomical description given by Kuno, 

1956), then 

In ci ζ In 
k' 

k + k 
7 C o — V i k ' t 

Extrapolating this part of the curve to t = zero, an intercept on the ordinate 

equal to In r — τ , Co is found, while the slope of this straight part determines 

4* к'· 
At very low values of t, however, the term e 

- ( k + k')"- t 
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approaches 1 — (к + к') --1 

So I n c l S l n c „ - k - l ^ t + I n ( l - k » t 

which for very low values oft, again using a = 1/21, can be written as: 

In ci £ In Co— Va (к" + к) t 

The slope of the steepest straight line therefore determines 1/2 (к" + k). This 

procedure gives values for к, k' and k" of 0.124, 0.055 and 0.021 sec - 1 respect

ively. Using these values and the measured perfusion times in equation (16), the 

smooth curve in Fig. 40 can be constructed. It makes very little difference if 
2/з 1 or 1/з 1 are used for the proximal part instead of г 1 as in these calculations. 

So the calculated curve still deviates appreciably from the experimental curve, 

indicating that equation (16) is not a precise expression of the actual processes 

taking place. Probably, this is caused by the fact that the processes taking place 

in the proximal part of the duct, are much more complex than we assumed, and 

thus, that equation (12) is too simple to describe them. In patients suffering 

from fibrocystic disease the proximal process is thought to be absent. So in 

their case, equation (15) must be used, written as: 

— Va к" t 
c i = Co e 
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FIGURE 40. Logarithms of sodium concentration (ci) plotted against 
perfusion time. Open circles: experimental curve. Black dots: calculated curve 

111 



This equation produces a straight line, if the logarithm of the sodium con

centration is plotted against perfusion time. This is exactly what was found 

experimentally (Fig. 25 and 26). At the same time this implies that back-diffusion 

in the distal portion could not have been large, being one of the assumptions 

made in the foregoing. 

If we accept that only the sodium-potassium exchange mechanism operates in 

patients there is still one detail to be considered. It seems illogical at first sight 

that the osmolarity could still decrease in this case, because according to the 

hypothesis the sodium ions are replaced by potassium ions. One explanation 

for this apparent contradiction is that the coupling between the sodium and 

potassium movements does not operate on a 1 to 1 basis, but several sodium 

ions are reabsorbed in exchange for only one potassium or one ammonium ion. 

To get some information on this question we calculated the amounts of sodium 

reabsorbed in patients just as we did in the controls. We also calculated the 

amount of potassium plus ammonium secreted by the tubule, assuming that all 

potassium in excess of the corresponding blood plasma level was secreted by 

., -τ-. · . <- Na reabsorbed „ „ Λ , „ 
by the duct cells. The ratios obtained for — , . , Ж1 - vary from 3.0-5.0. 3 secreted К + NH4 
This ratio does not seem to be too high compared with values measured for 

other membrane systems (Caldwell et al., 1960; Keynes, 1965; Mullins et al., 

1965). So possibly as many as 3 to 5 sodium ions are reabsorbed for each 

potassium ion that enters the sweat. In this way, a decrease in total osmolarity 

is understandable. 

Although the above formulation of the two-step reabsorption hypothesis is 

largely based on indirect evidence, the description agrees with the experimental 

data fairly well. Another thing in favor of the hypothesis is the fact that the 

defect in electrolyte secretion observed in patients can now be located and 

understood. In general, there are no experimental data against the hypothesis. 

The hypothesis may thus be used as a working hypothesis, serving as a model 

for future study. To conclude this section we should like to show this model of 

the sweat gland in a diagram (Fig. 41). No detailed description seems necessary 

since all the details already have been discussed. The diagram shows the different 

mechanisms operating, and completes the picture, because the secretory process 

is incorporated into it as well. 
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F I G U R E 41. Proposed mechanism operating in the secretory and ductal 
cells of the sweat gland according to the two-step rcabsorption hypothesis 
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S U M M A R Y 

In Chapter I some problems concerning the physiology of the sweat gland are 
discussed and a review of the literature is given. In Capter II the methods used 
in this study are described. A modification of the cryoscopic method of Wirz 
et al. (1951) is given. A new procedure is introduced for the continuous re
cording of the concentration of sweat, as well as a method for anaerobic col
lection of sweat. Furthermore, a procedure is developed, making use of known 
methods of stimulation of the gland and collection of sweat, which has the 
advantage of offering much more information about the function of the sweat 
gland. In Chapter III the experimental results are described and discussed. 
First of all the osmotic conditions in and around the glandular system were 
studied. From these experiments it became clear that the precursor fluid has 
the same osmotic concentration as blood plasma. Between control subjects and 
patients suffering from fibrocystic disease, no difference could be observed in 
this respect. A study of the osmolarity of the sweat delivered at the skin sur
face, in relation to the rate of sweating led to the same conclusion. So strong 
arguments were found for the postulation of a reabsorption process in the duct 
of the normal gland since the elaborated sweat was always hypotonic. The re
sults also showed that the reabsorption process, at least at high rates of sweating, 
works at a limited and maximal capacity. This strongly suggest that we are 
dealing here with an active transport process and since sodium is the main 
cation in sweat, it seemed obvious to look for a sodium transport process. 
Further studies, however, were needed to obtain first more additional infor
mation about the water movements through the gland epithelium. Therefore, 
the water transport was studied, making use of urea as a tracer substance, as 
has been proposed by Schwartz et al. (1956). These experiments confirmed most 
of the findings of these authors, namely that water reabsorption occurs in the 
duct and that the water reabsorption is a constant fraction of the amount pri
marily secreted in the coil of the gland. Investigations directed to the sodium 
transport now could be made more quantitative. First of all it could be esta
blished that the sodium concentration of the primary fluid does not diner sub
stantially from the blood plasma value and that the secretory process very pro
bably is governed by an active sodium transport process. Secondly, concerning 
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the sodium reabsorption process in the duct, it could be demonstrated that the 
amount of sodium which is reabsorbed agrees very well with figures obtained 
with other organs, such as the kidney tubule or the frog skin. Furthermore, the 
water reabsorption seems to be related to the sodium reabsorption process. To 
obtain more information about the kinetics of the underlying mechanism of the 
reabsorption process, we correlated the decrease in sodium concentration with 
the rate of sweating, expressed as perfusion time. It became clear that in the 
control subjects the decrease in sodium could not be described by a singel ex
ponential function, while in children with fibrocystic disease a single exponen
tial course could be established, at least in the range of perfusion times which 
were measured. Additional information about the reabsorption process was 
obtained along two other lines. A study of the potassium excretion of the gland 
provided one of these routes. An inverse relation between the potassium and 
ammonium ion concentration was found. Moreover, a clear response of the 
gland to aldosterone could be demonstrated. Both observations, together with 
the relationship between sodium and potassium, strongly suggest that an ex
change mechanism between sodium ions and potassium or hydrogen ions was 
operating along the duct wall. This mechanism could not only be demonstrated 
to exist also in the patients, but seemed to be even more pronounced. 
The second way of information came from a comparative study of the Na/Cl 
ratio between controls and patients suffering from fibrocystic disease. In con
trols the sodium/chloride ratio was always found to be higher thans 1, while 
in the patients the chloride concentration always exceeded the sodium concen
tration and even reached values higher than in blood plasma. Since we know 
that in the controls the chloride concentration of the precursor fluid must have 
a value of about 120 mEq/L (micropuncture studies of Schulz et al. 1965), and 
only low concentrations reach the skin surface, it seemed logical to assume that 
NaCl must have been reabsorbed, too. In the patients no evidence for such a 
chloride reabsorption could be found. 

The data given above, together with anatomical evidence, suggested that two 
different mechanism are operating along the duct wall: sodium reabsorption 
together with chloride reabsorption, and an exchange mechanism. Therefore, 
we accepted the suggestion given by Richterich et al. (1963), and proposed 
the two-step reabsorption hypothesis as a working model. 
According to this hypothesis sodium chloride is reabsorbed in the coiled proxi
mal part of the duct, while sodium is exchanged partly for potassium and/or 
hydrogen ions in the straight distal part of the duct. In case of patients with 
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fibrocystic disease, the hypothesis implies that the proximal process is non-
operative (or nearly so), which means that unusually high sodium concentra
tions reach the distal reabsorbing membrane where the exchange mechanism 
is located. Two characteristics have to be mentioned. First, the exchange me
chanism is thought to be catalyzed by this sodium concentration, resulting in 
a very high potassium excretion. Secondly, because no chloride is reabsorbed, 
while still some sodium escapes the duct, the sodium/chloride ratio must be 
smaller than 1, which agrees with the findings in these patients. On the basis 
of these results, however, no explanation can be given for the basic defect in 
fibrocystic disease. Much more research is needed before the complex picture 
of symptoms in this disease can be brought under a common denominator. 
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SAMENVATTING 

In hoofdstuk I is een overzicht gegeven van de literatuur. Hoofdstuk II omvat 
een uitvoerige beschrijving en verantwoording van de gebruikte methoden. 
Speciale aandacht is hierbij besteed aan een modificatie van de cryoscopische 
techniek zoals die is geïntroduceerd door Wirz et al. (1951). Verder zijn twee 
nieuwe methoden beschreven. Een methode die het mogelijk maakt de osmo-
lariteit van het zweet continue te registreren en een methode om zweet anaëroob 
te verzamelen. Bovendien is een nieuwe procedure uitgewerkt, gebruikmakend 
van reeds bestaande technieken, waarmee het zweetproces kan worden ver
volgd, zodat meer gegevens kunnen worden verkregen over de functie van de 
klier. In Hoofdstuk III tenslotte zijn de resultaten van het onderzoek vermeld. 
Op de eerste plaats is een onderzoek ingesteld naar de osmotische verhoudingen 
in de klier met behulp van de cryoscopische techniek. Uit deze experimenten 
bleek dat bij gezonde proefpersonen de osmolariteit van het primaire secretie-
produkt niet verschilde van de osmolariteit van het bloed. Bij patiënten lijdende 
aan pancreasfibrose kon eenzelfde relatie worden vastgesteld. Door de osmo
lariteit van het zweet te meten op het huidoppervlak en deze te correleren met 
de zweetsnelheid, kon eveneens worden besloten tot osmotisch evenwicht tussen 
bloed en primair secreet. Omdat het excretieprodukt zelf steeds sterk hypotoon 
is mocht op grond van beide waarnemingen een reabsorptieproces, gelokali
seerd in de afvoerbuis, worden verondersteld. Uit de genoemde experimenten 
was tevens gebleken dat dit reabsorptieproces bij hoge zweetsnelheden een ver
zadigingseffect bereikt. Daar dit sterk pleit voor een actief reabsorptieproces 
en natrium quantitatief het belangrijkste kation in zweet is, leek het logisch 
het verdere onderzoek speciaal hierop te richten. 

Allereerst was het echter nodig meer informatie te krijgen over het watertrans
port door de klier. Voor dit onderzoek is gebruik gemaakt van ureum als 
teststof (Schwartz et al. 1956). Deze experimenten toonden aan dat water wordt 
gereabsorbeerd in de afvoerbuis en dat deze reabsorptie een constante fractie 
is van de hoeveelheid water die wordt gesecreteerd in de kluwen van de klier. 
Op grond van deze resultaten was het mogelijk het natriumtransport door het 
klierepitheel nauwkeuriger te beschrijven. Aangetoond kon worden dat de na-
triumconcentratie van het primaire secretieprodukt gelijk is aan de plasmacon-
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centratie (140 mEq/L). Verder kon de natriumreabsorptie in de afvoerbuis nu 
worden berekend. Deze vertoonde een goede overeenstemming met de waar
den die voor andere organen worden opgegeven (zoals de niertubulus en de 
kikkerhuid). Bovendien kon het waarschijnlijk worden gemaakt dat de natrium
reabsorptie en het watertransport door de afvoerbuiswand gekoppelde proces
sen zijn. Over het werkingsmechanisme van het natriumtransportproces gaven 
deze uitkomsten echter geen uitsluitsel. Hierover kon een voorlopige informa
tie worden verkregen door de natriumconcentratie te correleren met de perfu-
sietijd van het zweet door de afvoerbuis. Zo bleek bij proefpersonen de na
triumconcentratie af te nemen volgens een dubbel exponentiële functie met 
langer wordende perfusietijden, terwijl voor de patiënten slechts een enkel ex
ponentieel verloop kon worden vastgesteld. Deze waarneming wijst erop dat 
de natriumreabsorptie in de afvoerbuis voor beide groepen niet alleen quanti-
tatief verschilt, maar dat er mogelijk ook verschillende mechanismen werkzaam 
zijn. Het verdere onderzoek was erop gericht hierover meer gegevens te verza
melen. Vastgesteld kon worden dat er voor de proefpersonen een inverse rela
tie bestaat tussen de kalium- en ammoniakuitscheiding en dat de klier duidelijk 
reageert op toediening van aldosteron met een verlaging van de natrium-kalium 
verhouding in het zweet. De mogelijkheid van natriumreabsorptie op basis van 
een uitwisselingsmechanisme met kalium- of waterstofionen moest daarom ze
ker worden overwogen. Eenzelfde mechanisme bleek niet alleen ook bij de pa
tiënten aanwezig te zijn, maar zelfs meer uitgesproken. Hiertegenover staat dat 
uit het micropunctie-onderzoek van Schulz et al. (1965) was gebleken dat de 
chloorconcentratie van het primaire secretieprodukt ongeveer 120 mEq/L be
draagt, terwijl in het zweet op de huid steeds veel lagere chloorconcentraties 
worden gemeten. Chloorreabsorptie moest dus eveneens worden aangenomen. 
Bij een nauwkeurig onderzoek naar de natrium-chloride verhouding in het 
zweet bleek bij proefpersonen deze verhouding steeds groter te zijn dan 1, ter
wijl voor de patiënten een waarde kleiner dan 1 werd gevonden. Dit betekent 
dat de toch al hoge chloorconcentraties bij de patiënten de natriumconcen-
traties zelfs overtreffen en dat dus zeer waarschijnlijk geen chloor is gereab-
sorbeerd. 

De gecombineerde experimentele resultaten, tezamen met anatomische en his
tologische argumenten, doen vermoeden dat twee verschillende mechanismen 
werkzaam moeten zijn bij de natriumreabsorptie. Op de eerste plaats een natrium-
reabsorptieproces, waarbij tevens chloor de afvoerbuis verlaat, en op de tweede 
plaats een uitwisselingsmechanisme tegen kalium- of waterstofionen. In 1963 
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werd een dergelijk systeem reeds gesuggereerd door Richterich et al. Wij heb
ben deze suggestie verder uitgewerkt en getracht deze te beschrijven in een hy
pothese die als werkmodel zou kunnen fungeren. In deze hypothese verloopt 
de natriumreabsorptie dan in twee fasen: natriumchloride-reabsorptie in dát 
gedeelte van de afvoerbuis dat opgenomen is in de kluwen van de klier (proxi-
maal) en natriumuitwisseling in het distale deel van deze buis. De hypothese 
houdt verder in dat bij de patiënten het proximale reabsorptieproces niet of 
nauwelijks functioneert. Dit betekent dat dan relatief hoge natriumchloride-
concentraties het distale reabsorptiesysteem zullen bereiken, waardoor het 
uitwisselingsmechanisme wordt gestimuleerd. Op deze manier kunnen zowel 
de hoge kaiiumconcentraties in het zweet van deze patiënten als de verlaagde 
natrium-chloride verhouding worden begrepen. 

Op basis van de resultaten van dit onderzoek kon geen causale verklaring wor
den gegeven voor het ziektebeeld van de pancreasfibrose. Meer onderzoek zal 
moeten worden verricht voordat het mogelijk zal blijken te zijn de zeer ver
schillende symptomen en afwijkingen onder één gemeenschappelijke noemer 
te brengen. 
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S T E L L I N G E N 

I 

Indien bij de diagnostiek van pancreasfibrose de zweetproef uitsluitsel moet 
geven, is een nauwkeurige bepaling van de chlorideconcentratie te prefe
reren boven een natriumbepaling. Nog meer zekerheid kan worden verkre
gen door de Na/Cl verhouding vast te stellen. 

II 

De huidtemperatuur heeft geen aanwijsbare invloed op de electrolytsamen-
stelling van het zweet. 

III 

Het extracellulaire compartiment kan noch als een „kinetisch homogeen", 
noch als een „één phase" systeem worden beschreven. 

MERTZ, D. P.: Die extracellulare Flüssigkeit, Georg 
Thieme Verlag, Stuttgart, 1962 
CATCHPOLE, H. R.,et al.: A.M.A. Arch.Path.61 (1956): 503. 

IV 

Foutieve resultaten verkregen bij de bepaling van de plasmadoorstroming 
van de nier, door meting van de PAH-clearance, moeten voornamelijk wor
den toegeschreven aan de extra-renale clearance van deze stof. 

V 

Indien bij het onderzoek van cardiale oedemen water- en electrolyt-analysen 
worden verricht op spierweefsel dat is verkregen door middel van een naald-
biopsie, blijken de meetresultaten sterk afhankelijk te zijn van de hoeveel
heid verkregen weefsel. 

JOHNSTON, С. I.: Clin. Sci. 28 (1965): 57. 
FLEAR, С. T. G.: Electrolyte and cardiovascular disease, 
Vol. 2, p. 357; S. Karger, Basel/N.V., 1966. 





VI 

Krachtmetingen verricht aan de atrophische musculus Sartorius van de 
kikker kunnen, ter vergelijking met die van de normale spier, beter wor
den betrokken op de physiologische dan op de anatomische doorsnede. Zowel 
voor de normale als de atrophische spier blijkt de verhouding tussen physio
logische doorsnede en totaal kahumgehalte constant te zijn. Om practische 
redenen verdient het totale kahumgehalte daarom als vergelijkingsmaatstaf 
de voorkeur. 

VII 

Om de osmotische waterpermeabiliteit van de erythrocyten-membraan be
trouwbaar te meten is het nodig na te gaan of in het te onderzoeken traject 
van osmolariteiten de erythrocyten zich als ideale osmometer blijven gedra
gen. 

OLMSTEAD, E. G. : Mammalian cell water, Lea and Fe-
biger, Philadelphia, 1966. 

Vili 

Het zou gewenst zijn op korte termijn de mogelijkheid te openen tot het 
afleggen van een doctoraal examen in de lichamelijke opvoeding. 

IX 

Het zou aanbeveling verdienen die geneesmiddelen van een cpdering te voor
zien, waarvan vaststaat dat zij de rijvaardigheid van de gebruiker ongunstig 
kunnen beïnvloeden. 

november 1966 J. F. G. Siegers 
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