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Biology of sweat glands and their disorders. L.
Normal sweat gland function

K. Sato, W. H. Kang, K. Saga, and K. T. Sato Jowa City, lowa

The basic mechanisms of sweat gland function and an updated review of some relatively
common disorders of sweat secretion, are presented. Although sweat secretion and ductal
absorption are basically biophysical and biologic cellular processes, a detailed description
of the basic biophysical principles of membrane transport has been avoided to make the
discussion more readable. The cited references will, however, help those readers primarily
interested in the basic details of sweat gland function. Part I of this article includes a
discussion of morphologic characteristics, central and peripheral nervous control of sweat
secretion, neurotransmitters, intracellular mediators and stimulus secretion coupling,
Na-K-Cl cotransport model for the ionic mechanism of sweat secretion, ingredients of

sweat, ductal function, the pathogenesis of abnormal sweat gland function in cystic

fibrosis, and the discovery of the apoeccrine sweat gland. Part II, to be published in the - -~
May issue of the JOURNAL, reviews reports of all those major disorders of hyperhidrosis
and hypohidrosis that have appeared in the literature during the past 10 years. It is hoped

that this review will serve as a resource for clinicians who encounter puzzling disorders of
sweating in their patients, as well as for investigators who wish to obtain a quick update on
sweat gland function. (J AM Acap DermATOL 1989;20:537-63.)

The eccrine sweat gland is one of the major
cutaneous appendages. Its principal function is
thermoregulation during exposure to a hot environ-
ment or during physical exercise. Failure to regu-
late body temperature under either of these condi-
tions leads to hyperthermia and/or heat stroke.
During the summer heat wave of 1980, deaths in
the United States from heat stroke were estimated
at 1265'; most of the victims were either elderly
persons or young children. Heat ‘intolerance of
patients with anhidrotic ectodermal dysplasia and
other anhidroses is well known.
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The eccrine sweat gland is a secretory as well as
an excretory organ. Sweat is a dilute electrolyte
solution that contains mainly sodium chloride
(NaCl), potassium (K), and bicarbonate (HCO,).
In addition, it contains inorganic compounds such
as lactate, urea, and ammonia.>* Lactate and urea
are most germane to this discussion because they
both are used in topical preparations for control of
retention hyperkeratoses. The excretory function of
the sweat gland can be instrumental in delivering

,drugs to the stratum corneum. For example, orally
* administered griseofulvin and ketoconazole are

secreted into sweat, thereby quickly reaching the
stratum corneum where dermatophytes are
present, bypassing the slow diffusive pathway
across the epidermal cell layer.’

“The role of the eccrine sweat gland in various
skin diseases is still poorly understood. The pres-
ence in sweat of various proteolytic enzymes,®®
however, raises a possibility that eccrine sweat is
potentially proinflammatory and can modify vari-
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Fig. 1. An isolated human eccrine sweat gland show-
ing both the duct and the secretory portion (S). D,
Distal or straight duct; D, proximal or coiled duct
(Bar = 100 um.)

ous dermatoses if sweat migrates into the epidermis
as a result of poral occlusion.

The eccrine sweat gland is one of the target
organs in cystic fibrosis, a semilethal, recessive
disease that is prevalent among white persons. In
fact, increased NaCl concentration in sweat still is
regarded as-oné of the most reliable diagnostic
criteria for cystic fibrosis. During the past several
years two new observations concerning the sweat
glands of persons with cystic fibrosis, namely
chloride impermeability of the sweat duct’ and
defective (-adrenergic function of the secretory
coil,'® have accelerated overall research interest in
cystic fibrosis, resulting in the discovery of abnor-
mal B-adrenergic regulation of chlorine (Cl) chan-
nels in tracheal cell membranes.'"'? Sweat gland
research is still an arcane field, and the progress in
our understanding of the detailed mechanism of
sweat gland function is rather slow. In Part I of this
article we provide an update on the mechanism of
eccrine sweat secretion; Part II (to be published in
the May issue of the JOURNAL) reviews the re-
cent articles on some of the clinical problems of
eccrine secretion, such as hyperhidrosis and hypo-
hidrosis.

MORPHOLOGY OF THE ECCRINE SWEAT
GLAND

The eccrine sweat gland is a simple tubular
epithelium consisting of the duct and the secretory
coil (Fig. 1); 1.6 to 4.0 million glands are distribut-

. ) Journal of the
A American Acddemy of
\‘ Dermatology

Fig. 2-Localization of sweat pores relative to skin
creases and ridges on the forearm (A) and the pulp of
finger (B) as visualized with plastic dental silicone. Note
that the image is the negative replica of the skin surface.
Sweat droplets are visualized as holes in the silicone
mold. On the hairy skin (A) the pore usually opens where
creases converge whereas on the palms and the soles the
pores open at the ridge (B). The grid on the upper
portion of A is 1 mm. A few of the holes may be air
bubbles trapped in the resin during mixing. Knowledge
of the exact site of a ductal opening on the skin surface
will help differentiate miliaria from other erythematous

papules such as viral rash, vasculitis, drug eruption, -

folliculitis, and dermatitic papules.

ed over nearly the entire body surface, including
the glans penis and the foreskin but not the lips,
external ear canal, clitoris, or labia minora.>!* The
average density of the glands varies in different
persons and anatomic sites; for example, 64
glands/cm? on the back, 108/cm? on the forearm,
181 /cm? on the forehead, and 600 to 700/cm? on
the palms and soles*? (Fig. 2).

Embryologically, sweat glands begin to develop
at 3 months as a cord of epithelial cells growing
from the epidermal ridge on the palms and soles
and at about 5 months on the rest of the body..By
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the eighth fetal month, they resemble aduit sweat
glands.> " The coiled portion of the sweat gland is
made up of the secretory coil and the proximal
duct. The distal duct is relatively straight and
connects the coil with the epidermis. The duct
again forms a spiral in the epidermis and the
stratum corneum (forming the acrosyringium or
intraepidermal sweat duct unit), and it opens
directly onto the skin surface. The size of the sweat
gland varies as much as fivefold among different
persons, which largely correlates with the individu-
al (and perhaps also regional) difference in the rate
of sweating (maximal sweat rate ranges from 2 to
20 nl/min/gland).' The dimension of the secretory
coil is about 60 to 80 um in diameter and 2 to 5
mm in length.'* Although the duct has a slightly
smaller diameter, it has approximately the same
tubular length as the secretory coil in each gland.
At the light microscopic level, three types of cells
are found in the secretory coil: dark, clear (or
secretory), and myoepithelial cells (Fig. 3, A). In
contrast, the duct consists of two layers of cells: the
luminal and the basal ductal cells. The fine mor-
phologic structure of the secretory (clear) cell is
characterized by the presence of. intricate~basal
infoldings' " and the intercellular canaliculi. The
basal infoldings stain densely with paranitrophenyl
phosphatase'® (which reflects the catalytic activity
of Na-K-ATPase) (Fig. 3, B), and they bind
labeled ouabain.® In contrast, the intracellular
canaliculus, which is actually a pouch made up of
the luminal membrane opening into the lumen, is
free of both ouabain binding'® and paranitrophenyl
phosphatase activity.® This supports the notion
that the basolateral membrane, but not the luminal
membrane, is the sodium (Na)-pump site and is
the site for active transport of ions for sweat
secretion. '

The presence of many mitochondria in clear cells
is consistent with the thesis that clear cells are
mainly responsible for sweat secretion.’ The dark

cell is easily discernible because of the presence in .~

the cytoplasm of many electron-dense “dark cell
granules.” Myoepithelial cells are located at the
periphery of the secretory tubule and are filled with
dense myoﬁlaments The morphologlc -differences
between these three cell types are readily llustrated
when these ‘cells-are dissociated by collagenase
digestion.” Typical secretory (clear) cells contain
many mitochondria and membrane villi, whereas
typical dark cells show a smaller number of
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Fig. 3. A, Cross-section of the secretory coil of the
monkey palm eccrine sweat gland (model of human
sweat gland) after stimulation with methacholine. The
dilated lumen (L} is seen here, but it is not a constant
finding. ¥, Vacuole; LC, intercellular canaliculi; M,
myoepithelial cell; C, clear or secretory cell; D, dark cell.
B, Schematic illustration of the ultrastructure of the
eccine sweat gland and the localization of paranitrophe-
nyl phosphatase (equivalent of the catalytic activity of
Na-K-ATPase; indicated by a thick serrated line). LC,
Luminal ductal cell; BC, basal ductal cell; C, clear cell;
finger sign, intercellular canaliculi.

membrane villi and mitochondria (Fig. 4). Some
dark cells, however, also have intricate membrane
villi and many mitochondria (Fig. 5). Likewise,
some clear cells contain a few dark cell granules.
This observation suggests either that some dark
cells are actively involved in membrane transport
or that dark cells develop from clear cells or vice
versa. The function of the dark cells is still
unknown; however, secretion of sweat glycopro-
teins that react positively to periodic acid—Schiff
may be one of their functions.?’ The myoepithelial
cell is spindle shaped and contracts in response to
cholinergic but not adrenergic stimulations® (Fig.
6). Its cytoplasm is filled with myofilaments and a
small number of mitochondria. The function of the
myoepithelium may be to provide mechanical
support for the secretory coil wall against the
increase in luminal hydrostatic pressure rather
than simply to pump out preformed sweat.”? Again,
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Fig. 4. Electron photomicrograph of dissociated cells of the rhesus monkey palm secretory
coils. C, Secretory cell; D, dark cell; M, myoepithelial cell. (X5500.)

Fig. 5. Atypical dissociated cells from monkey palm eccrine sweat glands. A, Dark cells
with intricate membrane villi. B, Atypical cell with a small amount of myofilaments in the

perinuclear region and many mitochondria.

some of the dissociated cells show a small amount
of myofilaments in the perinuclear region and
relatively large number of mitochondria (Fig. 5),
which suggests the interchangeability of different

cell types or the presence of undifferentiated cells.
The interchangeability of different cell types also is
suggested because in cell culture of sweat gland
cells, different types of cells quickly dedifferentiate
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within 10 days and lose their original morphologic
characteristics (unpublished data).

The duct is composed of two layers of cells, the
basal and luminal ductal cells. The basal ductal cell
is replete with mitochondria, and the entire circum-
ference of its cell membrane shows a strong
paranitrophenyl phosphatase activity (Fig. 3),'®
suggesting that Na-pumping occurs in the entire
cell membrane. In contrast to the basal ductal cell
the luminal ductal cell has fewer mitochondria,
much less paranitrophenyl phosphatase activity,
and a dense layer of tonofilaments near the luminal
membrane'* (which often is referred to as the
cuticular border because of its resemblance to
cuticle at the light microscopic level).

NERVOUS AND NONNERVOUS CONTROL OF
ECCRINE SWEATING

Central control of sweating

Regulation of internal temperature is one of the
most fundamental functions of the body. When
body temperature is gradually increased, sweating
occurs at and above a certain core temperature
(temperature setpoint [T.}), which suggests the
presence of a sweat control center that sens& the
change in body temperature. Boulant® reported
that the preoptic area and anterior hypothalamus
contain many thermosensitive neurons that sense
changes in internal temperature and initiate appro-
priate thermoregulatory responses to maintain con-
stant internal temperature. In experimental ani-
mals, local heating of the preoptic region and
hypothalamus activates sweating, panting, vasodi-
lation, and various behaviors that enhance heat loss
such as skin wetting and movement to a cooler
environment.** In contrast, preoptic cooling
induces shivering as well as nonshivering metabolic
thermogenesis. - Microelectrode  studies  have
revealed that many preoptic neurons are thermo-
sensitive and can be grouped into two basic types:
warm-sensitive ‘and cold-sensitive neurons. The
firing rate of warm-sensitive neurons increases not
only with an increase in the local preoptic temper-
ature (T,,) but also with an_increase in afferent
impulses from the cutaneous and spinal thermore-
ceptors caused by an elevation of the skin_ temper-
ature.” Although various warm-sensitive neurons
fire at different rates at a given T, those neurons
that showed the slowest rate of firing below T, of
37° C were found to precipitously increase their
firing rates with further increases in T, between
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Fig. 6. Photomicrographs show contraction of dissoci-
ated myoepithelial cell of the monkey palm eccrine
sweat gland in vitro. A, Freshly prepared unstimulated
cell bathed in Ringer’s solution. B, After stimulation
with 10~ mol/L methacholine. (X240.)

37° and 42° C. Because of their high thermosensi-
tivity at this temperature range, Boulant® specu-
lated that these preoptic neurons may be involved
in the control of thermal sweating.? Conversely, the
firing rate of preoptic cold-sensitive neurons is
generally facilitated by extrahypothalamic cooling
and inhibited by extrahypothalamic warming,
although hypothalamic cooling itself has relatively
little effect on the firing rate of cold-sensitive
neurons.

How, then, are these thermal and nervous stim-
uli integrated in control of sweating? Nadel et

" al.*2 observed that the sweating process appears

to respond as if controlled by a weighted sum of
central (or core) and peripheral (or skin) tempera-
tures. If skin temperature is relatively constant,
sweating rate is linearly related to core temperature
above T,. As skin temperature rises, the sweating-
to-core temperature relation shifts in the direction
of lower core temperature (i.e., sweating is induc-
ible at a lower core temperature as though T, has
been lowered). It was further observed that on a
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Sweating
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Hypovolemia 1 [Na*]
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Hyperthermia (Sw. gl. fatigue)

Heat stroke

Fig. 7. Hypothetic sequence of events resulting in heat
stroke during prolonged profuse sweating without
replacement of salt water.

degree-to-degree basis an increase in core tempera-
ture is about nine times more efficient than that of
the mean skin temperature in stimulating the sweat
center®* and thus the sweating rate. Therefore the
increase in core temperature is a major determi-
nant of T, whereas the skin temperature effect,
which is mediated by afferent impulses (originated
from the cutaneous thermoreceptors) to the preop-
tic region. of the hypothalamus, plays a rela-
tivély minor role in activation of sudomotor ac-
tivity.

Temperature set-point (T,,)

As already discussed, T, plays a critical role in
regulation of body temperature. The importance of
T, is best illustrated in episodic hypothermia with
hyperhidrosis® in which a pathologic episodic
decrease of T, precedes a decrease in body temper-
ature and the onset of profuse sweating. In normal
subjects T,. also changes during acclimatization,
according to the homeostatic state, and during
exercise or heat exhaustion.

Then what are the mechanisms by which T, is
regulated under physiologic conditions? It is well
known that sweating is drastically decreased or
absent during heat exhaustion despite marked
elevations of body temperature. In attempting to
determine whether the change in plasma electro-
lyte concentrations might be involved as a regulator
of T, investigators infused hypertonic (by 15 to 20
mM) NaCl into the brain of experimental animals
or employed other procedures that produce hyper-
natremia and observed that the body temperature

Journal of the -
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indeed increases by about 1° C.%* L1kew1se during
exercise at 40% volume of ox§gen utilization
(VO,)ma, the selective elevation of plasma Na
concentration in human beings slows the onset of
sweating . and raises the plateau level of core
temperature, whereas’ increasing plasma. Ca con-
centration had an opposite effect.’! Fortney et al.*2
found that isotonic hypovolemia reduces the sensi-

tivity of the sweating response, increases the -

threshold core temperature for the onset of sweat-
ing response, and -increases the threshold core
temperature for the onset of cutaneous vasodila-
tion. Thus these observations may be relevant to
the aberrant regulation of sweat gland function
during prolonged heat stress.

Fig. 7 schematizes the possible sequence of
events that might lead to heat exhaustion on the

basis of the aforementioned ionic theory for control .

of the sweat center. For example, because sweat

secreted onto the skin surface is hypotonic (a result -

of ductal Na absorption), prolonged profuse sweat-
ing without fluid and salt intake could cause both
hypovolemia and hypernatremia, both of which
elevate T.. Furthermore, hypovolemia also may
decrease cutaneous blood flow. These factors
together with hidromeiosis (a decrease of sweating
resulting from poral -ecclusion by hyperhydration

of the stratum corneum and/or sweat gland

fatigue’3* may lead to decreased sweating, then
hyperthermia, dysfunction of multiple organ sys-
tems, and finally heat stroke.

Innervation of the sweat gland

i SRR ik

mh i

__[ The nerves surrounding the sweat glands are the

sympathetic postganglionic fibers, which consist of]
nonmyelinated class C nerve ﬁbers] In contrast to
the ordinary sympathetic innervation, however,
acetylcholine is the principal terminal neurotrans-
mitter. The possibility of dual cholinergic and
adrenergic innervation had been cause for specula-
tion and debate for three decades® until Uno and
Montagna’®** settled the issue by directly demon-
strating catecholamine fluorescence and the char-
acteristic adrenergic and cholinergic nerve and
organs in the periglandular nerves of both human
and monkey eccrine sweat glands.

Review of the literature fails to reveal recent

articles that significantly modify our conventional .

knowledge of the gross anatomy of the central and
peripheral sympathetic nervous system innervating
the eccrine sweat gland and other cutaneous
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organs.>*{ The efferent central sudomotor pathway
consits of (1) cerebral cortex to hypothalamus, (2)
hypothalamus to the medulla, (3) the medulla,
mostly crossed, to the lateral horn of the spinal
cord, (4) the lateral horn to sympathetic ganglia,
and (5) sympathetic ganglia to sweat glands as

postganglionic C fibers] The cerebral cortical -

ence of hypothalamus has been suggested by the
increased or decreased sweating on the contralater-
al side of the body in patients with cerebral lesions
or during stimulation of cortex with methacholine®
or by the occurrence of hyperhidrosis or hypohidro-
sis in patients with brain lesions. It also has been
suggested that in human beings the sensory stimuli
arising from the frontal and premotor areas (or
area 6 of Brodmann) may be responsible for
emotional sweating.”” The sympathetic fibers aris-
ing from the hypothalamus cross mostly at the
levels of pons, and the crossing is almost complete
in the medulla so that the lesions in the medulla or
the spinal tracts, such as trauma, thrombosis, and
tumors, should in theory cause ipsilateral anhidro-
Sis'37, 39

That Horner’s syndrome often is associated with
anhidrosis of the head and neck is well known,
although there are instances in which lesions of the
cervical and thoracic sympathetic systems cause
only miosis and ptosis but no abnormal sweating.*
In the spinal cord, new neurons start in the lateral
horn, pass through the white ramus communicans,
and synapse in the sympathetic ganglia, where new
postganglionic nonmyelinated C fibers originate.
These postganglionic fibers exit the spinal cord,
pass through the gray ramus communicans, join
the peripheral mixed nerves, and finally reach the
sweat glands. Thus the transverse spinal lesions
should cause ipsilateral anhydrosis in the segments
below the lesion.

In reality, however, the so-called “sympathetlc
dermatomes” are less accurate than the sensory
dermatomes because of a larger overlap®; for

example, one preganglionic sympathetic fiber syn-

apses with multiple postganglionic cells, enabling a
lesion located in one sympathetic ganglia to affect
at least six:dermatomal lévels. According to the
classic studies by List and Peet and others,* the
preganglionic sweat fibers innervating the head,
neck, and chest are supplied by C8 to T4, the arms
by T4 to T7 e\the trunk by TS5 to T12, and the legs
by T9 to L3. The fact that resection of the stellate
ganglion (madé% up mainly by fusion of the inferior
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cervical ganglion and the first thoracic ganglion) is

more likely to caﬁl Horner’s syndrome than
resection of T2 and T3 ganglions alone suggests the
relative importance of C8 to T1 for sympathetic
innervation of the face and neck.” Resection of T2
and T3 alone is often adequate for control of
palmar hyperhidrosis, which indicates that the
arms are innervated mainly by T2 and T3* rather

than by T4 to T7, asgandicated by the classic study
by List and Peet.‘i' Damage to the peripheral

(postganglionic) fibers may cause relatively well-
defined areas of anhidrosis, as in localized anhidro-
sis after such events as trauma, surgery of the skin,
and leprosy.

Sweat test as part of neurologic examinations
of sweating disorders

To test the intactness of sympathetic innervation
it is essential that thermal sweating be induced in a
sauna or by appropriate heating devices and that
anhidrotic or hyperhidrotic areas be mapped. Any
disruption of sympathetic nervous transmission
should cause abnormal sweating responses:--The
modified iodinated starch method*’ or other appro-
priate color indicators for sweat may be used for
visualization of sweating. A local pharmacologic
sweat test (e.g., by intradermal injection of ionto-
phoretic application of 0.1% pilocarpine or metha-
choline) then may be used to determine cholinergic
receptor function of the sweat glands in the anhi-
drotic skin areas under thermal stimulation. In
theory, differentiating anhidrosis as a result of
preganglionic denervation from that of postgangli-
onic lesions is possible, because after sevérancc of
sympathetic preganglionic fibers, cholinergic
responsiveness of the sweat glands is preserved for
several months to 2 years, whereas after damage to
the postganglionic fibers, pharmacologic sweating
tapers within a few weeks to a few months.* Thus
it is sometimes essential to follow the change in

. pharmacologic responsiveness for a period of sever-

al weeks to several months by repeated intradermal
sweat tests. Examination of other autonomic and
neurologic signs is also essential (see “Hyperhidro-
sis” and “Hypohidrosis” in Part II of this article, to
be published in the May issue of the JOURNAL).
“Unilateral hyperhidrosis or anhidrosis in dermato-
mal distribution is suggestive of the abnormality of
innervation and warrants extensive neurologic
examination. /

After complete history and physical examina-
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C tions, including sensory and motor function tests,
autonomic function tests must be included wherev-
er appropriate. These include examinations for
Horner’s signs (to rule out the disturbance of
cervical and thoracic sympathetic train), pupillary
responses to light, accommodation, 2.5% metha-
choline and 1% phenylephrine (to rule out tonic
pupil), Schirmer’s test for lacrimation (to rule out
familial dysautonomia and sensory neuropathy
with anhidrosis), salivation test, blood pressure
responses to upright position, cold immersion of
hands, apneic face immersion in cold water and
Valsalva’s maneuver (to rule out orthostatic hypo-
tension and/or systematic autonomic dysfunction),
and intradermal histamine test and nerve conduc-
tion tests (to examine peripheral sensory and motor
neuropathy).*

It is also important to ascertain that a lack of
sweating is not due to other causes such as poral
occlusion, absence or atrophy of the sweat glands,
or direct damage to the glands by trauma or
inflammation of the skin. The increase in the
number of patent pores after adhesive tape strip-
ping to remove poral plugging (stripping must be
repeated 20 times) is evidence for involvement of
superficial poral occlusion as the mechanism of
anhidrosis. Skin biopsy specimens will help deter-
mine the absence or atrophy of the glands,
although in many reported cases of anhidrosis,** ¢’
sweat glands are noted to be morphologically
intact. To definitively rule out the deep poral
occlusion or altered pharmacologic receptor func-
tion, in vitro sweat induction from isolated sweat
glands® may be necessary. The importance of
nerve biopsy has been emphasized in congenital
sensory neuropathy with anhidrosis.”” In reality,
however, interpretation of the neurologic examina-
tion of sweating disorders is extremely perplexing
and confusing. The difficulty is caused in part by
our insufficient knowledge of the adaptive mecha-
nism of the nervous system after damage, such as
degeneration and regeneration of severed autonom-
ic fibers, sprouting of new neurons and the misdi-
rected reinnervation of new fibers, and postdener-
vation hypersensitivity of pharmacologic receptors
in the sweat glands, among others.

Periglandular neurotransmitters

We have already discussed the involvement of
both acetylcholine and norepinephrine as periglan-
dular neurotransmitters in the eccrine sweat
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glands.** More recently the presence of vasoac-
tive intestinal peptide has been observed in the
periglandular nerves of the cat paw sweat glands,®
as well as in the human eccrine glands.* The same
laboratory also reported the immunoreactivity for
atrial natriuretic peptide, calcitonin gene-related
peptide, and galanin (but not for substance P) in
the periglandular nerves of human axillary eccrine
sweat glands.*" The role of these peptides on the
sweat gland function is unknown. Inasmuch as the
immunoreactivity for ~atrial natriuretic peptide,
calcitopin gene-related peptide, and galanin also
were localized in the cutaneous sensory nerves,
however, their function, if any, may not be specific
for the sweat gland. In our laboratory, evidence
was obtained indicating that vasoactive intestinal —
peptide not only stimulates sweat secretion in a
cAMP-mediated fashion but also synergistically
amplifies the augmentative effect of methacholine
on isoproterenol-stimulated cAMP accumulation
in isolated eccrine sweat glands.? Vasoactive intes-.
tinal peptide-induced sweat secretion is as profuse
as the maximal cholinergic sweat rate but is rather
short-lived, presumably because of desensitization
of their receptors.”? Thus it is not certain that
vasoaetive intestinal peptide also is involved as a
stimulant of sweat secretion unless it is available
periglandularly in the order of 107 mol/L, which
is an unlikely possibility. If the periglandular
concentrations of vasoactive intestinal peptide are
in the range of 10~ mol/L, it can still amplify
isoproterenol-stimulated cAMP accumulation in
the presence of acetylcholine.

Functional significance of periglandular norepi-
nephrine is also unknown. Norepinephrine, howev-
er, may have a function similar to vasoactive
intestinal peptide because it is only 20% to 50% as
effective as acetylcholine as a stimulant of sweat
secretion® > (and thus may not be important as a
sudorific agent) but increases intracellular cAMP
especially in the presence of acetylcholine. Neither
vasoactive intestinal peptide nor norepinephrine
amplifies cholinergic sweat secretion.’>*3 Thus it
appears that the only salient biochemical conse-
quence of multiple innervation of the sweat gland
known to date is maximal augmentation of cCAMP
accumulation in the secretory cells. If so, under-
standing the function of augmentatively increased
cAMP in the sweat gland will offer a clue to the
ultimate functional significance of multiple inner-
vation.
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Fig. 8. Effect of methacholine (MCh) on intracellular Ca concentration [Ca], in
partially purified dissociation sweat secretory cells as determined by quin 2 method.
Incremental doses of MCh were added to quin 2-loaded cells, and fluorescence of quin
2-Ca was continuously monitored. Also note the decrease of MCh-stimulated Ca
concentration to the prestimulation level after additidn of atropine (47). Ca concentration

is expressed in nanomoles.

MECHANISM OF SWEAT SECRETION

Role of intracellular calcium in cholinergic
sweat secretion

Eccrine sweating is induced in vivo and in vitro
by intradermal injection of cholinergic agents,
epinephrine, phenylephrine, or isoproterenol.3 1.5
Furthermore, the sudorific effects of these agents
are. blocked by their respective pharmacologic
inhibitors. Thus the eccrine secretory cells may be
endowed with cholinergic, a-adrenergic, and (-
adrenergic receptors although direct demonstration
of these receptors remains to be reported. Activa-
tion of different receptors leads to secretion of
nearly isotonic primary fluid by the secretory coil.
Nevertheless, the maximal secretory rate differs
markedly in different agonists; 4:1:2 for cholinergic
(methacholine), a-adrenergic (phenylephrine), and
B-adrenergic (isoproterenol) stimulations, respec-
tively, in the monkey palm secretory coils in vitro*
and approximately 5:1:1 in human sweat glands in
vivo and’in vitro.' \

We observed in experiments w1th isolated mon-

‘key sweat glands that both metachohne- and

phenylephrine-induced sweat - secretion depend
strictly on-the presence of extracellular calcium
ions whereas isoprotefénol—iriduced sweating is rel-
atively insensitive to removal of Ca from the
bathmg medium.’* Because strontium (Sr); which
ronspecifically, enters the secretory cells in the
absence of stimulants and Ca in the medium,
induces copious, sweat secretion in vitro,*% and
because Sr is kr':\own to substitute for Ca in other
\ .

tissues, we surmised that the increase in intracellu-
lar Ca may be the intracellular mediator of cholin-
ergic or a-adrenergic stimulations and that meta-
choline somehow stimulates Ca influx into the cell.”
A Ca ionophore (A23187), a carrier of Ca across
the cell membrane, also stimulates sweat secretion
in vitro, which lends further support to the postu-
late on the role of intracellular Ca.

In a more recent study, intracellular Ca concen-
trations were directly measured in isolated, partial-
ly purified, sweat secretory cells® (Fig. 8) with the
use of a fluorescent probe quin 2. (The quin 2

~method is based on the principle that its acetoxy-

methyl derivative, quin 2 A/M, easily enters the
cell but is trapped in the cytoplasm when hydro-
lyzed to become impermeant quin 2 by endogenous
esterase. Thus cells can be easily loaded with the
desired amount of quin 2 by briefly incubating with
quin 2 A/M. The quin 2 then forms a complex
with intracellular Ca and emits fluorescence in
proportion to the cellular Ca concentration. How-

, ever, not all the observations on the mechanism of
- cholinergic sweat secretion are readily explained by

the Ca hypothesis. For example, although high
concentrations of A23187 (i.e., higher than 107¢
mol/L) induce sweat secretion in the Ca-depen-
dent manner after various latent periods, lower
concentrations of the ionophore (e.g., 10~7 mol/L)
does not evoke sweat secretion despite the fact that
the intracellular concentration increases to a level
that is higher than attainable by the highest
concentration of metacholme » In other words, the
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Signal Transduction in the Sweat Gland
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Sweat Secretion

Fig. 9. Signal transduction that -may be partially
involved in eccrine sweat secretion. Evidence indicates
that in the sweat gland binding.of acetylcholine (4CH)
to its receptors stimulates Ca influx, potassium (K*)
release, degradation of phosphatidylinositol phosphates,
and production of inositol triphosphate (IP;). PIP,
Phosphatidylinositol 4,5-bisphosphate, PK-C, protein
kinase C; ER, endoplastic reticulum; P-proteins, phos-
phorylated proteins. Note that in the sweat secretory
cells, Ca of exogenous origin is more important than
that of endogenous stores.
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“stimulamt of PKC) and the mcreased intracellular

Ca concentration should induce sweat secretion.
Indeed, when 10"M A23187, which markedly
increases Ca concentration but by itself fails to
induce sweat secretion,® is combined with
5% 107*M 12-O-tetradecanoyl phorbol-13-acetate
a small amount of sweat can be induced.{Thus at

increase in intracellular Ca concentration alone
may not suffice to maximally induce stimulus
secretion coupling, suggesting that a missing factor
(or factors) also is needed. If the missing factor is
involved in cholinergic sweat secretion, one of the

- likely candidates for such a factor would <be

metabolites of phosphatidylinositol, including dia-
cylglycerol, a stimulant of protein kinase C.

In other tissues the phosphatidylinositol-protein
kinase cascade also has been implicated as an
intracellular regulator of a variety of cellular
functions.”® It is generally believed that inositol
triphosphate, one of the metabolites of phosphati-
dylinositol, is involved in the release into the
cytoplasm of free Ca from the internal Ca stores,
usually endoplasmic reticulum. We recently dem-
onstrated that during stimulation of isolated secre-
tory coils, phosphatidylinositol is indeed hydrolyzed
and inositol triphosphate accumulated in the
glands.*® If the phosphatidylinositol-protein
kinase system is involved in the eccrine sweat gland
(Fig. 9), then the combination of a phorbol ester
(12-O-tetradecanoyl phorbol-13-acetate, a strong

present we can conclude only that both intracellu-
lar Ca and the phosphatldylm051tol-prote1n kinase
cascade are involved in stimulus secretion coupling
of cholinergic eccrine sweat secretion, but an
additienal unknown factor or factors still may vb_.‘;'_._._.;
involved.

Tissue level of cyclic guanosine monophosphate
(cGMP) also increases in the sweat gland but only
during the transient penod of cholinergic stimula-
tion.! Furthermore, exogenous cGMP does not
stimulate sweat secretion, suggesting that cGMP
may not play a critical role as an intracellular
regulator of cholinergic mechanism of sweat secre-
tion. ‘

Cyclic adenosine monophosphate (cAMP) as a
second messenger of S-adrenergic sweating

Stimulation of the sweat gland with the maximal
dose of isoproterenol in the presence of a phospho-
diesterase inhibitor, theophylhne or 3-isobutyl-1-
methylxanthine, induces only 20% to 40% of the
maximal cholinergic sweating rate in vivo and in
vitro.>'-** Furthermore, neither isoproterenol nor
norepinephrine synergistically enhances cholinergic
sweating®? (their effects are only additive to cholin-
ergic stimulation at best) in Vitro. Therefore, even
though norepinephrine actually is present periglan-
dularly, its role may not be simply as another
stimulant of sweat secretion or as a synergistic
enhancer of cholinergic sweating in vivo. Neverthe-
less, isoproterenol does induce sweat secretion in
normal sweat glands but not in those affected by
cystic fibrosis.

In a variety of tissues, the role of cCAMP has
been established as an intracellular mediator of
B-adrenergic agonists and other cAMP-elevating
agents (such as vasoactive intestinal peptide, chole-
cystokinin, secretin, and prostaglandins). This gen-
eral thesis also appears valid in isoproterenol-
induced sweating* 2 in which (1) the time course
and dose response of isoproterenol-induced cAMP
accumulation in the sweat gland is consistent with
those of isoproterenol-induced sweating, (2) exoge-
nous cAMP induces a small amount of sweat
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Fig. 10. Synergistic “effect of methacholine (MCH)
and isoproterenol (ISO) on vasoactive intestinal peptide—
stimulated CAMP production. (Modified from Sato K,
Sato F. Am J Physiol 1987;253:935-41. Reprinted with
permission.)

secretion in vitro, (3) theophylline alone induces
small amount ‘of sweating and also enhances iso-
proterenol-induced sweating, (4) both isoprotere-
nol-induced sweating and isoproterenol-induced
CAMP accumulation are relatively insensifive to
removal of extracellular Ca, and (5) cholinergic
stimulation by itself fails to enhance cellular
CcAMP. Observations 4 and 5 further illustrate the
difference in the mechanism of sweat secretion
between cAMP-dependent (as in isoproterenol
stimulation) and predominantly Ca-dependent
mechanisms (as in cholinergic stimulation). It is
widely held that the effect of intracellular cAMP is
mediated by cAMP-dependent protein phosphory-
lation, and in fact a number of sweat glandular
proteins undergo phosphorylation by cAMP.®
Unfortunately, as in many other tissues, functions
and characteristics of individual phosphorylated
proteins remain to be identified. ‘

As briefly discussed in a previous section, vaso-
active intestinal peptide-inducéd- sweating also is
mediated by cAMP accumulation except that it
requires only' 100 times lower concentrations to
achieve the same effect as isoproterenol.”> We also
have remarked that. neither vasoactlve intestinal

peptide nor norepmephnne ‘may be- primarily
mvolved as sudonﬁc agents in physiologic sweat-
ing, but these .agents may be important in maximi-
-ation of CAMP accumulation, together with ace-
tylcholine™ (F1g 10). Thus, even though physiolog-
ic eccrine sweat‘mg (i.e., perspiration in daily life) is
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Frog Skin
“B .

Ussing Model Nal_

Fig. 11. Ussing s leak-pump model originally proposed
for the ionic mechanism of sweat secretion but replaced
by the modified cotransport models shown in Figs. 12
and 15. P, Na pump; ACH, acetylcholine.

predominantly cholinergic, and cholinergic stimu-
lation alone does not accumulate cCAMP, it always
may be accompanied by considerable accumula-
tion of cellular cCAMP because of the simultaneous
presence of vasoactive intestinal peptide and nor-
epinephrine. The physiologic function of the con-
comitant cellular cAMP accumulation during cho-
linergic sweat secretion is not clear at present;
however, it may be involved in promoting glandular
growth’ and in protecting the cells from the
abnormal increase in Ca concentration.?

Ionic mechanism of cholinergic sweat '
secretion: Leak-pump model versus Na-K-Cl
cotransport model

The principal function of the eccrine sweat gland
is secretion of fluid and electrolytes. Sweat is
formed by two steps: secretion of nearly isotonic

_ primary sweat by the secretory coil in response to

mainly cholinergic stimulation® and partial reab-
sorption of NaCl by duct, resulting in delivery of
hypotonic sweat onto the skin surface. Until the
mid 1970s it generally had been assumed that
movement of ions during cholinergic sweat secre-
tion might be explained on the basis of the Ussing’s
leak-pump model (Fig. 11), originally developed in
1948 to describe the ionic movement in the frog
skin and subsequently in the toad urinary bladder.
According to this model (1) first, cholinergic
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c Lumen Secretory Cell Blood

Cl- Na'

| (Sweat) e ™ K+
j 6 mv /// -<— Bumetanide
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) "“(Ca,cAMP) 20‘__ Ba?*
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,,K* Na® ~<— QOuabain
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Fig. 12. Na-K-Cl! cotransport model for ionic mecha-
nism of eccrine sweat secretion. Bumetanide is the
inhibitor of the cotransporter; Ba’*, the inhibitor of
K-channels; and owabain, the inhibitor of Na-K
exchange pump. Acetylcholine increases Ca entry into
the cell (not indicated). Finger signs, probable sites of
Ca action. C, Cotransporter; P, pump. Interrupted lines
indicate the rheogenic diffusion of respective ions. In
cystic fibrosis sweat glands, cAMP-regulated Cl chan-
nels may be abnormal.®

L stimulation increases the permeability to Na of the

basal cell membrane of the secretory cell, causing

influx of Na into the cell, (2) Na is then pumped

out from the cell interior to the secretory coil lumen

by the Na pump across the luminal membrane,

increasing the osmolarity and the positive electrical

potential of the tubular lumen, and (3) finally, Cl

enters the lumen passively, according the lumen

positive electrical potential gradient while water

follows according to the osmotic gradient. Indeed,

sweat secretion could be inhibited by ouabain, an

inhibitor of Na pump and Na-K-ATPase, and the

ouabain-sensitive Na-K-ATPase is present in the

tissue homogenates of the secretory coil.%¢” When

the electrical potential difference of the secretory

coil lumen was actually measured, however, it was

about 0 mV at rest and —6 mV during metacholine

stimulation.>%%® Such an electrical profile was

difficult to reconcile with the leak-pump model

because the model predicted a positive luminal
potential.

At about the same time, a number of investiga-

tors studying the transport mechanisms of rectal

e glands, tracheal epithelium, thick ascending limb

(,, of Henle’s loop, and intestine came to realize that

the Na-K-Cl cotransport model originally postu-

lated in Ehrlich ascites tumor cells may best

Journal of the
A American Academy of

N . Dermatology

.

explain the transport mechanisms in these and
other secretory epithelia (for review \see reference
70). R :

Some of the common features of the Na-K-Cl
cotransport system include (1) Na-K-ATPase and
thus Na-pump site in the baselateral membrane,
(2) presence of an electroneutral Na-K-2Cl (and/
or Na-Cl) cotransporters in the basolateral mem-

. brane, (3) K chaﬁnels in the basolateral mem-

brane, (4) Cl channels in the luminal membrane,
(5) inhibition of transport by “loop diuretics” such
as furosemide, piretanide, and bumetanide, and (6)
interdependency of ion fluxes; that is, if one of
these ions is omitted, transport of remaining ions
also is blocked in a stoichiometric manner. Of

these, criteria 1, 3, 4, 5, and 6 are at least in part -

supported by our recent studies of the eccrine sweat
gland'® "™ (Fig. 12), thereby suggesting that the

ionic movement during cholinergic sweat secretion

may be adequately explained by the cotransport
model. '

According to the Na-K-Cl cotransport‘ mord;el,v

movement of an ion is generally coupled with those
of others. For example, during stimulation of
membrane transport, K movement out of the cell
across-the basolateral membrane is coupled with
the movement of Cl iato the lumen across the
luminal membrane (see the upper half of Fig. 12)
so as to negate the net change of electrical charges.
The resultant decrease in cellular KCl concentra-
tion provides a favorable chemical potential gradi-
ent for the influx of K and Cl from the basal
medium via a Na-K-Cl cotransporter that carries
into the cell one Na, one K, and two Cl ions in an
electrically neutra] fashion. The Na carried into the
cell by the cotransporter is then pumped out across
the basolateral membrane in exchange for K
(usually in a ratio of 3 Na:2 K) in such a way as to
keep the cellular Na concentration from increasing
too high. K diffusion out of the cell, via the K
channel across the basolateral membrane, also
generates the K diffusion potential, which helps
keep the membrane potential always negative. The
negative cell potential in turn facilitates cellular Cl
to cross the luminal membrane through the Cl
channels by providing the driving force. Diffusion
of Cl across the luminal membrane then depolariz-
es the luminal membrane and generates the lumen
negative transepithelial potential, which attracts
Na. Thus after each cycle of ionic movement, two
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Fig. 13. Electron photomicrograph of x-ray microanalysis of cellular concentrations of

Na, K, CI in secretory cells of isolated monkey sweat glands after stimulation with P
methacholine..The concentrations are conveniently expressed on a dry mass basis.~The

decrease in the sum of Na and K-shown in the insert may reflect the decrease in cellular

volume (and thus the increase of the dry mass per unit area of tissue section) rather than the

actual decrease in cation concentrations. Methacholine was added at time zero. (From Saga

K, Sato K. J Membr Biol [In press.] Reprinted with permission.)

Cl ions are ultimately transported into the lumen
traversing the cell while both Na and K are
recycled across the basolateral membrane. Because
the basolateral cell membrane is not readily perme-
able to Na ions, Na travels across the intercellular

- junction (i.e., paracellular pathway) into the lumen

to join Cl there. Water can readily enter the lumen
s as to maintain the near isotonicity of the luminal
fluid (i.e., primary sweat).

Although this Na-K-Cl model is mstrumental in
explammg the electrically silent transport processes
in these Cl-transporting epﬁheha the question

remains as to how the membrane channels, cotran- -~

sporters, and Na-pumps are regulated. In the
salivary glands, Ca appears to stimulate K chan-
nels” and i in tracheal epithelium, CAMP may be
involved in’ regulating Cl channels, 7 > which is
possibly mediated by cAMP-dependent protein
'Hosphoryla‘tioﬁ ‘Unfortunately, the mechanism by

which the cotransporter is regulated is totally
unknown, | - :

Movement of cellular ions during sweat
secretion

~

Although the Na-K-Cl cotransport system has
been speculated to occur in the sweat” and the
salivary glands,”*” as well as in the exocrine
pancreas,” much remains to be done to prove such
a hypothesis concerning the eccrine sweat gland.
For example, the original cotransport model calls
for complete recycling of both Na and K across the
basolateral membrane so that no drastic change of
intracellular electrolytes needs to occur, as long as
the cellular electrochemical potential profiles for
Na; K, and Cl are favorable for movement of
respective ions and that the respective membrane
channels are opened during stimulation. To our
surprise, however, when we studied the metachol-
ine-induced change in intracellular ion concentra-

“tions of the secretory cells with the use of x-ray

microanalysis and the microtitration method, both
cellular K and "Cl concentrations decreased to
about 50% of the unstimulated values whereas Na
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Fig. 14. K efflux from the continuously superfused secretory coils placed in a microcapil-
lary and stimulated by methacholine containing superfusate. KRB, Krebs’ Ringer’s
solution. As shown in the insert, K concentration in the effluent was continuously measured
with a K-sensitive electrode. (Modified from Saga K, Sato F, Sato K. J Physiol

1988:405:205-17. Reprinted with permission.)

concentration doubled” (Fig. 13). This indicates
that metacholine caused a massive KCl efflux from
the cell and Na influx into the cell. Furthermore,
we found that dark cells also show a similar change
in cellular jon concentrations,” suggesting either
that dark cells are also endowed with cholinergic
receptors or that they are functionally coupled with
secretory (clear) cells so that both types of cell
behave like a syncytium.
Given the large magnitude of K movement, we
then studied the exact time course of K efflux, with
“the use of the continuous superfusion method in
which the isolated secretory coils placed in a glass
microcapillary were superfused with metacholine,
and the K concentration in the effluent was
continuously monitored with a K-sensitive elec-
trode. As shown in Fig. 14, K efflux commences
immediately on cholinergic stimulation, peaking
within seconds, but it rapidly tapers to zero within
2 minutes of continuous metacholine stimulation,
during which time the cell loses about half of its
cellular K.”*7 When metacholine stimulation was
stopped, K was taken up by the cell (Fig. 14), most
likely by the Na-K exchange pump because it is
completely inhibited by ouabain. It appears that
the efflux of K and Cl from the cell may be
mediated by a metacholine-induced increase in
cellular Ca concentration, because in the absence
of Ca in the medium, KCl efflux is drastically

inhibited.” Similar K movement also has been
observed in other exocrine cells.”

What, then, is the functional significance of the
observed drastic decrease in cellular K and Cl
concentrations in relation to the ionic mechanism
of sweat secretion? Although the definitive answer
is not yet available, this decrease appears to be the
grand strategy adopted by many exocrine secretory
cells to trigger and sustain ionic movements for
exocrine secretion (ie., the drastic decrease in
cellular K and Cl concentrations may maximally
stimulate the Na-K-Cl cotransporters by creating
the most favorable chemical gradient). Movement

of Na, K, and two Cl ions into the cell by the

cotransporter causes the cellular Na concentration
to increase, which subsequently stimulates the Na
pump, as discussed earlier. This thesis is partially
supported because the inhibitor of the cotransport-
er, bumetanide, inhibits the increase in cellular Na
concentration in the sweat gland.” 4

All the observations, however, are not explained
on the basis of the Na-K-Cl cotransport model in
the sweat gland. For example, amiloride at 0.1
mM, the inhibitor of Na-H exchange, and DIDS
(4,4 -didsothio-cyanostilbene-2,2'-disulfonic  acid)
at 0.1 mM, the inhibitor of HCO;-Cl exchange,
reduce sweating rate by about 20% in vitro” and
partially reduce metacholine-induced K efflux,*
suggesting that these parallel ion exchangers also
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Fig. 15. A modified model consisting of Na-K-CI
cotransporter and parallel antiporters for the mecha-
nism of ion transport during ‘cholmerglc sweat secretion.
Larger circles indicate the major transport mechamsm
Interrupted lines indicate the rheogenic passive move-
ment of ions (ionic oonductancc) The electrophysiologic
study suggests a small increase in Na permeability
across the basal membrane. C, Cotransporter or parallel
exchangers; P, pump; CA, carbonic anhydrase.

are involved in the control of ionic movement
during cholinergic sweat secretion, which consti-
tutes a small departure from the original cotran-
sport model (Fig. 15). The drastic inhibition of K
efflux by bumetanide also is difficult to explain’
unless bumetanide has other unknown effects such
as nonspecific inhibition of Ca transport. Further-
more, in contrast to the original cotransporter
model, K permeability across' the luminal mem-

brane also may increase during metacholine, but .~

not during isoproterenol, stimulation (Fig. '12), as
suggested by the fact that during the transient
stage of metacholine stimulation, the luminal K
concentratlon rises to as much as 9 mM.* o

SOLUTE CONC “N nAlIONS IN HUMAN
oWbAT "\ ’ - ’ '

As mdlcated earlier, sweat solute concentratlons
are determmed by secretion of solutes into the
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Fig. 16. Schematic illustration of the relationship
between sweat solute concentrations versus sweaf rates.
Note that sweat in cystic fibrosis contains high NaCl
concentration at all sweat rates because of decreased
ductal absorption.

secretory coil and by the subsequent ductal modifi-
cation (either secretion or absorption).®! Thus they
are usually influenced by the sweat rate because
the ductal modification often is a function of the
flow rate. Furthermore, extreme caution should be
exercised to ensure that the observed solute concen-
trations are not affected by evaporative water loss
and/or epidermal contamination.?>*

Sweat Na concentratlon

Of all the sweat solutes, sweat Na concentration
is perhaps the most éxtensively studied and the
easiest to understand. In the primary fluid it is
nearly isotonic to plasma Na concentration irre-
spective of the sweat rate.* Thus the hypotonici-
ty of sweat Na concentration depends strictly on
ductal Na absorption. Because the ductal capacity
to absorb Na is both limited and dependent on the

~duration of time, luminal fluid is exposed to the
ductal wall (which is inversely related to the sweat
rate); sweat Na concentration increases with
increasing sweat rate (Fig. 16).> At very low sweat
rates, however, sweat Na concentration again rises
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slightly, for unknown reasons, both in vivo and in
vitro.® Its normal range is therefore between 10 to
20 mM at the relatively low sweat rate range, but it

can reach 100 mM near the maximal sweat rate”

Regulation of ductal Na absorption is still poorly
understood. Although it is known that aldosterone
can increase ductal Na absorption® and a relatively
high sweat Na concentration (e.g., 70 to 80 mM)
has been reported in Addison’s disease,” it is not
certain that aldosterone is the principal regulator of
ductal absorption. Likewise, it is not established
that the mechanism for the increased ductal Na
absorption during salt deprivation® is entirely due
to increased aldosterone secretion. The individual
difference in ductal Na absorption also may be
influenced by the degree of glandular hypertrophy,
because the sweat ducts also undergo hypertrophy
in parallel with the secretory portion, and the long
hypertrophic ducts may absorb more sodium at a
given sweat rate)s® It remains to be studied
whether  vasopressin - (antidiuretic ~ hormone
[ADH]), adrenergic agonists, acetylcholine, epi-
dermal growth factor, vasoactive intestinal peptide,
and other periglandular neurotransmitters have
any regulatory roles in ductal Na absorption.

A study by Ratner and Dobson® suggests the
absence of an ADH effect on sweat osmolarity;
howevér, their study is still inconclusive because
free water clearance was not determined. Local
injection of ADH reduced the sweating rate to
about 50% that of the control,* but it is not clear
whether the observed decrease in the sweat rate is
due to ductal water absorption or to inhibition of
sweat secretion because intradermal injection of
ADH causes vasoconstriction. )

Sweat K concentration

The values of K concentration in the pooled
primary sweat were nearly isotonic to plasma, that
is, 5 to 6 mm,® but a more recent study has
revealed that K concentration in the primary fluid
can rise transiently to as high as 9 mM immediate-
ly after metacholine stimulation in an isolated
monkey secretory coil. K concentration, however,
then tapers to 6 to 7 mM during the steady state of
sweat secretion, which is still higher than 5 mM in
the bath. Thus K concentration higher than 6 to 7
mM in the final sweat, which is seen in some but
not in all persons, may be due to K secretion by the
duct. K secretion by the duct may be partially
controlled by aldosterone,” but other mechanisms

- ally 20 to 25 mM lower than that of Na in both the
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such as K permeability of the ductal wall and

luminal negative electrical potential al\SO may 1nﬂu-
ence sweat K concentratlon e
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Sweat pH and HCO3 and Cl concentratlons

Cl concentration in the skifr surface sweat also
increases with sweat rate in proportion to sweat Na
concentration, except that Cl concentration is usu-

final sweat (Fig./16) and the primary fluid. The
anion deficit (concenfrations of Na + K — Cl) of
25 to 30 mM usually consists of HCO; concentra-
tion from 15 to 20 mM (in the human primary
sweat; unpublished data) and lactate concentration
of approximately 10 mM. Because sweat pH"is
controlled by the HCO,-CO, buffer system, both—
pH and HCO, concentration must be determined
under a constant carbon dioxide pressure (Pco,).
When measured at 5% Pco,, sweat pH is approxi--
mately 7.2 to 7.3% in the primary sweat collected
from the isolated human secretory coils in vitro
irrespective of the sweat rate.®” In contrast, the pH
of the final sweat is about 5.0 at the lower sweat
rate range and 6.5 to 7.0 at the higher sweat rate
range,’ indicating that the duct is capable of
acidifying sweat, presumably by reabsorbing
HCO, (or secreting H*). Thus the ductal acidifi-
cation helps preserve HCO, for the body during
prolonged profuse sweating. Needless to say, sweat
pH determined in the air (<0.04% Pco,) is about
6.5 to 7.0.

Sweat lactate concentration Sw
Plasma lactate concentration is usually less than Whid”;
2 mM whereas sweat lactate concentration ranges amm
from 10 to 15 mM, indicating that sweat lactate is amm
derived mainly from the sweat gland as an end nonic
product of glycolysis.”-*2. Sweat lactate may be fromg‘
instrumental in controlling desquamation of stra- entral
tum corneum as evidenced by the well-known able ]
beneficial effects of topical lactate preparations units
against retention hyperkeratosis. case)
NH,
Sweat urea concentration mech
Because urea can readily cross the glandular Al‘l‘lil;
wall and cell membrane, sweat urea concentration
is approximately the same as, or slightly higher Tt
than, that of plasma. This is best illustrated by the been
occurrence of urea frost on the skin of patients with diffe;
uremia. Average urea concentrations in healthy have
subjects, as determined in our laboratory, range for e
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Fig. 17. Difference in high-pressure liquid chromatography (with the use of a TSK 250
size discrimination column) elution profile of sweat proteins and peptides in sweat samples
from different sweat rates. A, Sweat sample from the low sweat rate; B, from the maximal
sweat rate in the same subject. Note that a 68 kD protein peak is evident only in sample B.
Sweat was collected over a petroleum jelly barrier under a plastic sweat collector_to

minimize epidermal contamination.

from 15 to 25 mg/dl® Whether urea also is
produced by the sweat gland remains to be studied.
Like lactate, sweat urea may function as a natural
skin moisturizer.

Sweat ammonia concentration

~Sweat contains 0.5 to 8 mM total ammonia,
which is 20 to 50 times higher than the plasma

.ammonia concentration.®** The accumulation of

ammonia in sweat may be explained mainly by free
nonionic diffusion of ammonia free base (NH,)
from plasma to the more acid ductal sweat and by
entrapment of ammonia in sweat as poorly perme-
able NH,*. In other words, if sweat pH is 1 or 2 pH
units more acid than plasma (which is usually the

case), sweat can accumulate 10/or 100 times more o

NH,*, respectively, by the diﬂ'usion-entrapment
mechanism alone. ‘

Amino acids in sweat /.

The presence of amino acids in human Sweat has
been repof’ged; but their concentrations vary._ in
different studies.’ Furthermore, very few studies
have directly compared the sweat-to-plasma ratio
for each amiho acid.” Thus it is not certain that

sweat amino acid concentrations are correlated
with their serum concentrations. The pitfalls in
determining sweat amino acid concentrations
include the fact that amino acids are abundantly
present in the stratum corneum. Consequently,
those of epidermal origin can easily contaminate
sweat, probably because aminopeptidase activity
(which releases terminal amino acids from proteins
or polypeptides) is very high in the epidermis as
well as in sweat.® It is not certain that the very high
sweat amino acid concentrations (6 to 10 times
higher than those in plasma) reported by Gitlitz et
al.” truly represent those actually secreted by the
secretory coil. For example, the sweat-to-bath ratio
of H’-glycine was about 1.0 in an isolated secretory
coil in vitro,” whereas a sweat-to-plasma value of
6.7 was reported by Gitlitz et al® in sweat
collected from the skin surface.

Proteins. in sweat

— - Although total protein concentrations in sweat,
as determined by Lowry’s method,” range from 15
to 25 mg/dl,* those measured by the Bradford
dye-binding method (using a kit from Bio-Rad,
Richmond, Calif,) in the same sweat samples yield
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subject SF

Fig. 18. Lectin-binding proteins in human sweat. 15
ug of protem concentrated by a YM-10 membrane was
separated in each lane by an SDS-PAGE (sodium
dodecylsulfate-polyacrylamide  gel electrophoresis),
transferred to a nitrocellulose membrane, incubated
with lectin-biotin, and appropriately stained. ConA,
Concanavalin A; WGA, wheat germ agglutinin.

only 5 to 8 mg/dl. Because the latter method
mainly determines large-molecular-weight pro-
teins, whereas Lowry’s method determines the total
tyrosine hydroxy groups (of both proteins and
small = peptides), the observed disagreement
between the two methods suggests the abundance
in sweat of small-molecular-weight peptides. This
was confirmed when fresh, concentrated X10 (by
lyophilization) sweat samples were subjected to a
size fractionation high-performance liquid chroma-
tography (HPLC) column (TSK 250), which dis-
closed that the majority of sweat peptides are in the
“small-molecular-weight range (Fig. 17). Furthér-
more, the composition of sweat proteins and pep-
tides is influenced by the sweat rate in each
person.

Of particular interest is the fact that the concen-
tration of high-molecular-weight (>10 kD, but
especially 68 kD peak) proteins increases with
increasing sweat rate and decreases again when
sweat rate is tapered by lowering the temperature
in a sauna (Fig. 17). The mechanism for this
differential secretion of sweat proteins is not clear.
Possible mechanisms include the differing degree
of proteolytic degradation during outflow of sweat,
secretion of proteins from different intracellular
storage sites, and differing protein synthesis with
increasing pharmacologic stimulation (because of
increased sudomotor activation). Although consid-

Journal of the
N American Academy of
Dermatology
\ .
erable individual differences exist in the HPLC
elution pattern of large-molecular-weight sweat
protein peaks (as well as small peptides),” one-
dimensional sodium dodecy! sulfate (SDS)-poly-
acrylamide gel electrophoresis of SDS-denatured
sweat proteins (>10 kD)'shows-two major bands at
43 and 18 kD, and four less prominent bands at
100, 64, 28, and 14 kD in all the subjects (Fig. 18),

,> suggesting that sweat proteins are made up of these

protein subunits. A]]\these protein subunits react to
concanavalin A (ConA) indicating that they con-
tain o-p-mannose and/or a-D-glucose terminal
residués. Some of these bands also bind wheat
germ agglutinin (WGA), which binds N-acetyl-
p-glucosamine or N-acetylneuraminic acid. The

43 and 18 kD bands are predominantly PAS -

reactive.” Evidence indicates that the PAS-positive
or ConA binding sweat proteins may be derived

mainly from the dark cell granules® * and may be.

the same PAS-positive protein involved in poral
occlusion in miliaria.'®

In addition to these glycoproteins (Fig. 19 spots
b and c), sweat contains varying number of protein
spots when analyzed by two-dimensional electro-
phoresis. Most of these small protein spots are not
consistently present in different subjects. Thus it is
not certain whether these additional small protein
spots are the fragments of major sweat glycopro-
teins, epidermal contaminants, or protein frag-
ments of glandular debris. The same precautions
may apply to the various sweat proteins reported by
other authors.'”:'® Although the presence of
immunoglobulins and other serum components has
been reported in the past,'®'* these findings may
have to be reexamined with the use of uncontami-

nated human sweat. A recent study of Yanagawa

et al.” failed to confirm the presence of serum
components other than albumin in human sweat
collected over a white petrolatum (Vaseline) barri-
er on the skin to minimize epidermal contamina-
tion.

Presence of proteolytic enzymes in sweat

The presence in sweat of kallikrein (kinin-
producing or kiniogenase)-like activity has been
suggested by Friki et al.,'® who used nonspecific
substrates and a simple method of sweat collection
(without rigorous precautions to minimize epider-
mal contamination). Hibino et al.'® recently pro-
vided compelling evidence that human sweat
indeed contains kallikrein of a glandular type.
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Furthermore, presence in sweat of kininase has led
Hibino et al. to suggest that a kallikrein-kinin
system may be functionally present in the sweat
gland. Sweat also contains a cathepsin B-like
enzyme” ' (the endogenous inhibitor of cysteine
proteinase'®), urokinase,'® and perhaps more pro-
teases.® Although the functional significance of
these proteolytic enzymes is not known, glandular
kallikrein is speculated to be involved in cleavage of
bioactive precursor peptides of nerve growth factor
and/or epidermal growth factor."® Kinin (a frag-
ment of kininogen cleaved by kallikrein) is also a
well-known vasodilator and a natriuretic agent,
suggesting that the kallikrein-kinin system could be
playing a similar role in the sweat gland. The
proinflammatory nature of proteolytic enzyme is
widely recognized. It is easy to speculate therefore
that migration of sweat into the epidermis in the
presence of ductal blockade may aggravate or
modify various skin diseases such as psoriasis,
atopic dermatitis, and other papulosquamous dis-
eases. ' ‘

Epidermal growth factor in sweat

The presence in human sweat of epidermal
growth factor has been reported by Pesonen et al.'!!
In light of our own recent observation that epider-
mal growth factor is abundantly present in the
epidermis and the stratum corneum (and thus can
easily contaminate into sweat), we undertook to
reexamine whether epidermal growth factor is
indeed present in human sweat and, if so, how its
secretion is regulated. With precautions to mini-
mize epidermal contamination during sweat collec-
tion, we confirmed that epidermal growth factor is
indeed present in eccrine sweat and that its concen-
tration (ie., epidermal growth factor/unit sweat
volume) increases ini proportion to the increase in
sweat rate''2 (and thus the concentration of large
molecular proteins as discussed carlier). Of greater
interest is that ‘axillary sweat contained about 50
times more epidermal growth factor than back
sweat, suggesting that apocrine or apoeccrine
glands may be responsible for the high concentra-
tions of epldermal growth factor in the axillae.

The functlon of epldermal growth - factor in
sweat and 1ts mechanism of secretion im sweat is
totally unknoWn ‘Recently, however, Arita et al.'!¢
observed that‘ immunohistochemical staining of
endogenous emdemal growth factor occurs pre-
dominantly in the eccrine dark cells. Nanney et
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Fig. 19. Two-dimensional sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) of
SDS-denatured sweat protein. Spot a is presumably
albumin; spots b and ¢ are glycoproteins, 43 and 18 kD
respectively. (Modified from Yanagawa S, Yokozeki H,
Sato K. J Appl Physiol 1986;60:1615-22. Reprinted
with permission.)

al.'* localized the immunoreactive epidermal
growth factor receptors predominantly in the
myoepithelium of the eccrine and apocrine glands
and in the luminal membrane of the eccrine ductal
cells. With the autoradiography technique, Nanney
and colleagues also observed the binding sites of the
epidermal growth factor to occur predominantly in
the eccrine sweat duct cells. Both immunoreactive
receptors and radioactive binding sites of epidermal
growth factor were noted in the epidermal basal
and squamous cells, sebaceous glands, and hair
follicles.'

Because the apocrine and apoeccrine cells and
the eccrine dark cells are characterized by the
abundance of electron-dense “dark cell granules,”
it is possible that epidermal growth factor in sweat
is derived from these granules and that it may be
involved in regulation of the ductal and myoepithe-
lial cell function. Our most recent observation
(unpublished data) that epidermal growth factor,

- but not vasoactive intestinal peptide and isoproter-

enol, stimulates protein phosphorylation of the
eccrine ductal cells is consistent with this thesis.

Other ingredients of sweat

—Whether glucose is present in sweat has long
been a controversial issue. A study by Boysen et
al.® has shown that although 0.2 to 0.5 mg/dl
glucose is present in sweat when blood glucose was
80 mg/dl, it increased to 0.6 to 1.2 mg/dl when
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Fig. 20. Schematic illustration for the ionic mecha-
nism of ductal NaCl and HCO, absorption. P, Na pump
inhibitable by ouabain. Solid lines, Active transport;
interrupted lines, passive movement of ions. Amiloride is
the inhibitor of Na channels. HCO, absorption is
achieved either by direct absorption or by H ion
secretion. Free diffusion of NH, into the lumen and its
accumulation in sweat as impermeant NH,* resuiting
from the acid pH of ductal sweat also is depicted.

blood glucose was transiently increased to 200 to
250 mg/dl by qral and intravenous glucose bolus.
Thus patients.:with uncontrolled diabetes may
excrete more glucose in sweat, creating a favorable
environment for bacterial growth in the skin. The
mechanism of glucose secretion in sweat is
unknown. Pyruvate concentration is sweat ranges
from 0.2 to 1.6 mM."* Also reported to be present
in (or excreted into) sweat are sulfaguanidine,
sulfadiazine, antipyrine and aminopyrine,''¢ hista-
mine,'” prostaglandin-like activity,'”* cAMP,®
amphetamine-like compounds,'? iodide,'® pheny-
toin, phenobarbital, carbamazepine,'” and etha-
nol.'? The presence in sweat of zrans-3-methyl-
2-hexenoic acid, the purported odorous substance
in patients with schizophrenia, has been re-
ported by Smith et al.'?; however, the observation
has not been confirmed by other investiga-
tors.124,l25

Secretion of griseofulvin and ketoconazole in
sweat

After a single oral dose of griseofulvin the

" highest concentration of the drug is observed in the

stratum corneum within several hours.'? This was
partially explained when Shah et al.® observed that
the drug actually is secreted into sweat and binds to
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the stratum corneum. As expected‘, when sweat
secretion was blocked by topical antiperspirants,
accumulation of griseofulvin in the stratum cor-
neum did not occur.®> More recently, Harris et al.'?’
also observed that orally administered ketoconazole
is delivered to the stratum corneum in a similar
manner. Topical application of griseofulvin is not
effective, suggesting that the active ingredients are
the metabolic byproducts of the drug. It. follows
therefore that the best way to improve the antifun-
gal effect of these agents is to obtain maximal
perspiration while the patient is taking' the drugs
and td spread sweat onto the affected skin because
the infected skin area is often anhidrotic because of
poral occlusion.'® Because ketoconazole (and per-

haps also griseofulvin) preferentially binds to the

stratum corneum in an aqueous medium-like
sweat,'” minimum cleansing of the skin (e.g., daily

shower) may not significantly reduce the antifun-

gal potency of these drugs.
REABSORPTION OF NaCl BY THE DUCT

The principal function of the sweat duct is to
reabsorb Na, Cl, and HCO, from the plasmalike
primary fluid and to conserve these vital electro-
lytes.’ The duct consists of the proximal segment,
which coils intimately with the secretory coil; and
the distal duct, which is relatively straight or
slightly helical as it ascends to reach the acrosyrin-
gium. Indirect evidence suggests that Na-K-
ATPase (Na pump) is involved in ductal absorp-
tion of NaCl’ Namely, ouabain-sensitive Na-
K-ATPase is present in the duct, and ductal NaCl
absorption is inhibited by ouabain. The proximal
duct contains about 10 times higher Na-K-ATPase
activity than does the distal duct in the monkey

palm sweat gland,®” suggesting that the proxi-

mal duct may be more active in reabsorbing
NaCl. '

The duct is made up of two layers of cells. The
basal (or peripheral) ductal cells may be involved
primarily in ductal NaCl absorption because these
cells are rich in Na-K-ATPase activity'® (Fig. 3,
B), mitochondria, and membrane villi. That the
entire cell membrane of the basal cell is equipped
with Na-K-ATPase (and thus Na pumps) appears
to be an elaborate mechanism designed to maxi-
mize the Na-pumping sites. The luminal cell may
be involved by allowing Na and Cl ions to enter
passively into its cytoplasm and transferring them
to the basal cells. Such functional partition of the
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Fig. 21. Schematic representation of possible sites of
abnormal CI~ permeability in cystic fibrosis sweat duct
on the basis of electrophysiologic analysis. I, Cell
junction (paracellular shunt pathway); 2, Luminal
membrane; 3, basolateral membrane. Increased amilo-
ride-sensitive luminal Na* conductance and the basola-
teral K conductance also is shown. (Modified from Sato
K, Saga K, Sato F. In: Mastella G, Quinton PM, eds.
Cellular and molecular basis of cystic fibrosis. San

Francisco: San Francisco Press, 1988:171-85. Reprinted
with permission.)

-

two layers of cells, however, requires the cells to
behave like a syncytium through intimate intercel-
lular communication, for example, through gap
junctions. To our knowledge the presence of gap
junctions between ductal cells has not been re-
ported.

Recent electrophyswlogxc studies, however, indi-
cate that ductal cells are electrically coupled.” The
ionic mechanism of ductal NaCl absorption has

“been modeled after the Ussing’s leak-pump model

originally developed in the frog skin,® as illustrated
in Fig. 20. The minimum components of the model
include the presence of Na-K exchange pumps (see
also Fig. 3, B) and K conductance at the basolater-
al membrane, amiloride-sensitive Na channels
across the luminal membrane, and Cl conductance
either across the cell membranes or across the cell
junctions (paracellular pathway) or both. The
presence .of amiloride-sensitive Na channels at the
luminal membrane i§ suggested because 10~ mol/
L amiloride inhibits the ductal NaCl absorp-
tion,% 12 depolarizes the ductal luminal potential
(luminal negative potential of less than 20 mV
changes to positive values), and increases the

membrane resnstance of the luminal membrane.®
The duct is a%so highly permeable to Cl ions
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Fig. 22. Examples of apoeccrine glands (B and C) in
the > axillary skin of an 18- -year-old man. A, Typical
ecctine gland; C, typical apocrine gland. Note the short
thick duct of the apocrine gland. (Modified from Sato
K, Sato F. Am J Physiol 1987;251:R181-7. Reprinted
with permission.)

because reduction of luminal Cl by replacement
with impermeant anions increases the ductal resis-
tance and hyperpolarizes the lumiinal poten-
tlal 59,129

In brief, ductal NaCl absorption proceeds as
follows. Na passively enters the cell from the ductal
lumen through amiloride-sensitive Na channels at
the luminal membrane and is pumped out across
the basal membrane in exchange for K (Fig. 20).
Cellular K leaks out passively through K channels,
generating a membrane potential.® K then recy-
cles, being pumped in, in exchange for cellular Na.
Cl follows passively down the gradient through Cl
channels at both the luminal and basolateral mem-
branes and across intercellular junctions (paracel-
lular pathways).

In addition to NaCl absorption, the sweat duct
also may absorb HCO; either directly or via H ion
secretion.* As discussed earlier, the capacity for

_ the duct to absorb NaCl is limited so that sweat

NaCl concentration increases with increasing
sweat flow rate (Fig. 16). The overall regulatory
mechanism of ductal absorption function is still
poorly understood.

ABNORMAL SWEAT GLAND FUNCTION IN
CYSTIC FIBROSIS

The elevated sweat NaCl concentration (e.g., 65
to 120 mM in cystic fibrosis vs <65 mM in normal
sweat) is one of the giiagnostic criteria for cystic
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C Table 1. Morphologic and functional characteristics of glands in human axillae | &
Eccrine ' Apocrine Apoeccrine -
Glandular size Small Large ‘ Intermediate and N
S ' variable : ' 4 '
Duct Long and thin, made Very short and thick Comparable to Jf 2
up of proximal -eccrine duct
coiled and distal S
straight or tortous
portion o
Ductal opening Skin surface (many - Directly into upper Comparable to
ducts open near the portion of follicular eccrine duct
hair) canal - ‘ -1 9
Secretory coil (live Uniform small outside Uniform large outside Luminal and outside - x
tissue under a light diameter and very diameter and wide diameter often ~ »
or stereomicroscope) narrow lumen; lumin; hexagonal irregular; some
individual live cells secretory cells " tubules show
not visible by light clearly visible by segmental B 2
microscopic light microscopic dilation; tubules - ¥ /o
examination examination; tubule show slow s - /.
tightly packed and meander and i
often angular at curve not angular - e
. curve in adult in shape ' - R
Cell type " Secretory (clear), Columnar secretory. Dilated segment \ :
dark, and cell; myoepithelial resembles ;
myoepithelial apocrine gland; fibrosis :
nondilated fibrosis
segment often replace
retains eccrinelike T sulfa
morphology; or sul 2_1 :
- - eccrinelike thin that th;
- tubules sometimes membr::
- lack typical dark abnorm!
o ‘ cells ] affected
Intercellular cannaliculi Present Absent Present only in the More
' partially dilated '
or nondilated < mcrpbr;
segment . cysticfi;
Development Present at birth Present at birth Not present before ¥  abnorm;
' adolescence " brane t
Pharmacologic ﬁndmg C>>B>>A - C=A C>B>A - the bas
of secretion ' _ . . lv. both |
Sweat secretory rate Continuous; high Transient or Continuous; high _ Ys i
' per-unit glandular intermittent; per-unit glandular §  Ppermea
size " variable size .~ affected
Secretory product Serous fluid Milky, protein-rich Serous fluid . pensato:
fluid . ‘ The s
A, a-Adrenergic; B, $-adrenergic; C, cholinergic. : fibrosis g
. - gicresp
fibrosis. It has been known since the mid 1960s in cystic fibrosis had remained unknown. In 1983 =
that the elevated sweat NaCl concentration in Quinton and Bijman'' first observed that the ki r i
cystic fibrosis sweat is due to the decreased ductal electrical potential of the sweat ductal lumen is ; tgs po I;ls‘k
>~ NaCl absorption, because the NaCl concentration about twice as negative in cystic fibrosis ducts ‘ £ cophy,
e . . . ! : : act tha
c in the primary sweat is nearly isotonic to plasma in (=60 mV) as in normal ducts (=30 mV) both in !
both control and cystic fibrosis.'*® Nevertheless, the vivo and in vitro.'® 3! It also was observed that the - ;ccgmu
mechanism of abnormal ductal absorptive function lumen of the normal duct, but not of the cystic ; tl;:t EI;
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Fig. 23. Segmentally dilated apoeccrine secretoryportion. Only a short segment was

removed from the large apoeccrine secretory coil for ultrastructural study. For detailed
ultrastructure of cross-sections / and 4, see reference 133. A, Isolated segment photo-

. ; in A.

fibrosis duct, hyperpolarizes (to the level of cystic
fibrosis ductal potentials) when luminal Cl is
replaced by impermeant anions such as gluconate

o or sulfate.”™ Quinton and Bijman'*' thus speculated
C ‘ that the impermeability of Cl across the luminal
5 _ membrane may be the basic pathogenesis for
S abnormal ductal NaCl absorption in the sweat duct

, affected by cystic fibrosis. R
; More recent electrophysiologic analysis of the
\ : membrane permeability of the isolated duct in
. cystic fibrosis has suggested that Cl permeability is
RO abnormally low, not only across the luminal mem-
" brane but across the cellular junction and across
the basolateral membrane® (Fig. 21). Interesting-
ly, both luminal Na permeability and basolateral K
permeability appear to be increased in the duct
affected by cystic fibrosis, presumably as a cem-

pensatory mechanism (Fig. 21).

The secretory portion of the sweat gland in cystic
fibrosis appears to be normal as fé;'as its choliner-
gic responsiveness is concerned. When its S-adren-
ergic sweating response was studied in cystic
fibrosis, however, Sato and Sato'® discovered that
the secretory portion” failed to show sweating
responses to a combination of isoproterenol and
theophylline m vivo as well as in vitro despite the
fact that the sweat gland affected by cystic fibrosis
accumulated cAMP. normally in response to the
B-adrenergic agents. They speculated therefore
that the pathogeh\csis of the defective S-adrenergic

ar

graphed before embedding. B, Embedded tissue, I um thick, cut along the line shown

responsiveness of the sweat secretory cells in cystic
fibrosis may be distal to CAMP production in.the -
cAMP cascade. o

More recently, investigators in two different
laboratories, using patch clamp techniques, have
simultaneously found that cultured tracheal cells in
cystic fibrosis failed to show Cl-channel activities
when stimulated with isoproterenol in intact cells.
When the membrane patches were excised and
exposed to the Ca-containing bathing media, how-
ever, Cl channels were activated in the affected
cells as well as in normal cells, suggesting that Cl
channels are present but may be abnormally regu-
lated in tracheal cells of cystic fibrosis.!"!? In the
eccrine secretory cells, Cl channels'*? are assu_mgéd
to be present in the luminal membrane (see Figs.
12 and 15), but, as in tracheal cells affected by
cystic fibrosis, they also may be abnormally regu-
lated by the cAMP cascade. :

_DISCOVERY OF APOECCRINE SWEAT

GLAND

Until very recently, only two types of sweat
glands were thought to exist in humans and
mammals, that is, eccrine and apocrine. These two
types of glands are distinct from one another
structurally, developmentally, and functionally.
The eccrine glands of the general skin surface serve
for thermoregulation through continuous secretion
of serous fluid, whereas human apocrine glands are
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present in certain anatomic locations, made up of a
single layer of tall columnar secretory cells, always
associated with hair follicles (thus also referred to
as epitrichial glands), and secrete a rather viscous
fluid rich in precursors of odoriferous substances
(Table I).>*' Discovery of a third type of human
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they yielded an extremely copious SCI'OUS sweat

glands, the apoeccrine gland, was rather coinciden-
tal. When dissecting sweat glands from a piece of
axﬂlary skin obtained from the surgery for hyper-
hidrosis, we were puzzled by the fact that most of
the sweat glands we saw under the dissection
microscope . were unclassifiable, that is, neither
eccrine nor apocrine glands, although typical
eccrine and apocrine glands also were present!'®
(Fig. 22). The atypical glands varied in size but
were larger than typical eccrine glands and smaller
than typical apocrine glands dissected from the
same skin specimen. Isolation of more axillary
glands in a number of other subjects (who were
nonusers of topical antiperspirants) not only con-
firmed the initial observation but revealed the
consistent morphologic, developmental, and func-
tional characteristics, which allowed us to conclude
that these atypical glands represented a new type of
gland. We decided to call them apoeccrine because
these glands share some of the morphologic and
functional features with both eccrine and apocrine
glands (Table I).1

The apoeccrine gland has a long duct that opens
directly onto the skin surface like the eccrine sweat
duct but is distinct from the apocrine duct, which is
very short and opens directly into the upper portion
of the hair follicle.”® The apoeccrine secretory
portion is irregularly dilated. In some glands only a
short segment is dilated like a balloon, but some-
times the entire length of the secretory tubule is
irregularly dilated. Of most interest is that the
dilated segment was found to consist of an apo-
crine-like single layer of epithelium whereas the
undilated segment tended to show the ultrastruc-
tural features typical of the eccrine secretory
portion’* (Fig. 23).

The apoeccrine glands appear to develop during
puberty from the eccrine glands, or eccrinelike

“precursor glands, and account Tor as much as 45%

ol all the axillary glands™ in T6- to 18-year-old
persons. In some persons studied after publication

of the article,'* however, the apoeccrine glands
represented less than 10% of the axillary glands.

When the dilated segments of the apoeccrine
glands were cannulated and stimulated in vitro,

—¥ecretion response to both Tethacholine and

epinephrine, _suggesting that apoeccrine glands

may_significantly contribute to overall axillary

sweating in the adult human being.'**
Apoeccrine glands may be seen only in the adult
axillae. We have thus far failed to detect similar
glands in biopsy skin specimens from the arm,
-'scalp, or groin. The development of an apocrine-
like structure from'the eccrinelike secretory epithe-
lium may suggest the plasticity of glandujar devel-

opment, and may help us understand the occur-

rence of apocrine-like epithelial structures in some
pathologic conditions such as adenoma sebaceous
and other appendageal tumors of the skin.
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