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_ “If you are sure you understand everything that is going on, you are
hopelessly confused”.
walter Mondale.
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SUMMARY

This thesis was undertaken to determine the ultrastructure of the
rat footpad sweat gland before and after pilocarpine stimulation and to
assess whether it undergoes the same morphological changes on
activation as have been described for other species. A second objective
was to measure, by electron probe X-ray microanalysis (EPXMA), the
intracellular concentrations of K, Na and Cl in the human and rat atrichial
and the horse epitrichial sweat glands before and after stimulation. The
final objective was to determine the site and possible mechanism of
action of aluminium-containing antiperspirants in the human sweat gland
by comparing the ultrastructural and elemental changes before and after
a course of antiperspirant treatment.

The ultrastructural changes in the rat footpad sweat gland arter
pilocarpine stimulation included narrowing of the lumen, dilatation of the
intercellular spaces, contraction of the myoepithelial cells, exocytosis
and the loss of cytoplasmic material from the secretory cells. In general,
these changes are qualitatively the same as have been reported in other
species after thermal stimulation and it was concluded that the rat giand
conforms to the model suggested by Montgomery ef @/ (1983).

Although a successful method was developed for cutting ultrathin
cryosections of biological material this was found to be unsuitable for
the EPXMA study of sweat glands in skin samples. Using a method of bulk
freeze-drying and resin embedding the results from the glands of the
three species studied by EPXMA are shown below in mM/kg total dry
weight of specimen analysed i.e. biological tissue and embedding medium.

In man and horse stimulation was produced by thermal stress and
the samples were obtained by high speed biopsy punch. For the rat the
samples were obtained by autopsy after pilocarpine stimulation.



Resting Active

Fundus Na K Cl Na K Cl
Human n=11 151 159 110 n=8  220% 112*% 114
Horse n=3 151 198 71 n=4  238% 167% 102*

Rat n=4 49 211 44 n=4 117% 130 3

Duct Na K Cl Na K Cl
Human n=6 256 103 100 n=6 271 85 a6
Horse n=4 204 145 66 n=4 290%* g7 107 *

* significantly different from the control value.

These results, the first of their kind from sweat glands stimulated
/1 vive indicate that in the fundus the changes on activation are, in
general, similar. There is a decrease in intracellular K, an increase in
intracellular Na and little, 1t any, change 1n Cl. With reference to the fluid
secreted by the fundus of each species two models are presented to
explain these findings. In the duct the data are consistent with 1ts known
lack of function in both the horse and human.

Pretreatment with aluminium-containing antiperspirants had no
effect on the ultrastructural changes which occur after stimulation in
the human sweat gland duct and fundus. Although aluminium was not
detected in the fundus the normal intracellular elemental changes after
stimulation were not seen In treated glands. Taken together with the
finding of aluminium-containing obstructions within the upper duct a dual
mechanism of action of such compounds 1s proposed, namely ductal
obstruction, most likely in the upper stratum corneum, and interference
with the secretory function of the fundus.
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1.1.  INTRODUCTION

Sweat glands are among the smallest mammalian exocrine glands,
typically for man averaging 6-8 mm 1n length and 40-50 um In diameter
(Quinton, 1981). The glands are divided into two broad groups based on
whether they are associated with a hair follicle (epitrichial) or not
(atrichial) (Bligh, 1967; Jenkinson, 1973; Montgomery e¢ 2/ 1984). The
sweat glands on the general body surface of man and those of the
footpads of rodents, cats and dogs are examples of the latter, and are
often referred to in the literature as eccrine, whilst the sweat glands of
most other mammals are epitrichial, often called apocrine in the
literature (Jenkinson, 1973). In man the estimated number of sweat
glands ranges between 1.6-4 million (Weiner & Hellman, 1960; Thaysen,
1978; Quinton, 1981) distributed unevenly over the body surface. The
highest densities are found on the palms and soles (upto 2000/cm?,
weiner & Hellman, 1960) and the density becomes progressively lower on
the forehead, cheeks, trunk and extremities (100-200/ cm? on the limbs,
Weiner & Hellman, 1960; Quinton, 1981) with minor individual, sexual and
racial differences (Thaysen, 1978).

The function of these glands varies from species to species and
also with body location. Sweat glands may be considered, in general, as
protective organs: 1) against thermal extremes, although a
thermoregqulatory role seems to be important only in man, equidae and the
ungulates (Jenkinson, 1973); 11) against frictional damage in the eyelids
and palms; iii) as excretory routes; iv) by exerting an antibacterial
effect, either directly or by aiding the flow of sebum across the skin
surface; v) against extinction of species by acting as scent organs
(Jenkinson, 1973). Weiner & Hellman (1960) suggest that palmar and
footpad glands increase the tactile sensitivity in these regions. In all
species the glands are composed of a secretory portion (fundus), which
may be sac-like, serpentine or coiled, and a relatively straight duct. The
fundus 1s composed of a single inner layer of secretory cells supported by
an outer network of myoepithelial cells and is located in the deep dermis
of the skin. From the limited information currently available it seems to
produce, in most instances, an isotonic plasma-like fluid and this
secretory epithelium is thought to be comparable to “leaky” epithelia



such as frog skin and urinary bladder (Sato, 1982) which also produce
Isotonic secretions and are known to be very permeable to fluid
movement (Fromter & Diamond, 1972). This initial sweat is “propelled”
by hydrostatic pressure from the fundus to the duct and eventually to the
skin surface. The myoepithelium does not actively expel the fluid from
the fundus by contraction but 1s most likely involved in providing
structural support to the secretory epithelium to allow the development
of a high hydrostatic pressure (Sato, Nishiyama & Kobayashi, 1979). With
the exception of the cat (Munger & Brusilow, 1961) and rat (Sato, 1977)
footpad glands, modification of this primary fluid occurs in the duct
(Slegers, 1963; Schulz, 1969) which is composed of a variable number of
cell layers. The duct is thought to behave like a “tight” epithelium
(Quinton, 1981) and absorbs fons in excess of water to produce a final
sweat composition which varies from species to species (Table 1.1).

1.1.1 Control of Sweating

There is considerable contradictory evidence concerning the neural
control of sweat glands (Vaalasti, Tainio & Rechardt, 1985) and in most
species the glands are not directly innervated (Jenkinson, 1973); only
those in man, some primates, the horse and the footpads of dog, cat and
rodents have closely associated nerves. Although originating in the
sympathetic chain these nerves are cholinergic in nature (Dale &
Feldberg, 1934) and act through muscarinic receptors. Specific
cholinesterases have been demonstrated histochemically in nerve endings
around the secretory coil (Hurley, Shelley & Koelle, 1957; Hashimoto,
Ogawa & Lever, 1962) and also possibly the coiled duct but not the
straight duct (Thaysen, 1978) and the stimulatory effects of cholinergic
and parasympathomimetic agents on sweating are well known (Schwartz
& Thaysen, 1956; Foster & Weiner, 1970; Sato, 1977). An additional
feature of these cholinergic nerve endings is the presence of vasoactive
intestinal polypeptide (VIP)-like immunoreactivity which has been
demonstrated in human sweat glands (Vaalasti e¢ 4/ 1985) cat (Lundberg
et 2/ 1982) and rat (Landis, 1983) footpad sweat glands. It appears that
VIP and acetylcholine (ACh) coexist in the nerve terminals, although the
function of the former remains unclear. The possible roles of the VIP



inClude vasodilatation, direct stimulation of glandular activity (Vaalasti
er al 1985) or, as in the cat submandibular salivary gland, enhancement
of the affinity of the muscarinic receptor to ACh (Lundberg, Hedlund &
Bartfai, 1982). wWith the possible exception of the rat, it is also well
known that sweat glands, including those of man (Chaimers & Keele,
1951; Foster, Ginsberg & Weiner, 1970) respond to intradermal or
intra-arterial adrenaline (Sato, 1977), although the effect in intact
human skin is only 1/5 to '/Io of that observed for cholinergic stimulation

(Sato, Burgers & Sato, 1973). This less sensitive response to adrenergic
agents is thought to occur as a result of vasoconstriction and subsequent
ischaemia of the gland (Sato ef 2/ 1973) and this is supported by the
finding that in isolated monkey palm sweat glands adrenaline produces
45% of the sweat output of pilocarpine (Sato & Sato, 1981a). Indeed, in
some species, particularly the horse (Robertshaw & Taylor, 1969) and
primates (Robertshaw, Taylor & Mazzia, 1973), circulating adrenaline,
secreted from the adrenal medulla, can increase exercise, but not
thermally, induced sweating by 50%. However, with the exception of the
Macaque monkey (Uno & Montagna, 1975) and the human (Uno, 1977),
catecholaminergic nerve fibres have not been observed close enough to
exert a direct effect on glandular activity and are usually associated
with adjacent blood vessels. This finding led Jenkinson, Montgomery &
Elder (1978) to suggest that the effect of noradrenaline released from
sympathetic nerve terminals is to increase the permeability of the blood
vessels to circulatiﬁg catecholamines or to release catecholamines from
cellular stores which then diffuses to the sweat gland. They propose that
this process is common to all species but that it is less important in
those species where the nerves are in close proximity to the gland. The
effects of cholinergic and adrenergic stimulation seem to be the same
both in terms of ultrastructural changes and in composition of the final
sweat (Sato e/ g/ 1973).

1.2.  ULTRAST U
Study of the sweat glands from various species has long been

recognised as essential for a full understanding of the general mechanism
of sweating in mammals (Weiner & Hellman, 1960; Jenkinson, Montgomery



& Elder, 1979). Although the ultrastructure of unstimulated sweat glands
from a variety of species is well documented it 1s only recently that the
appearance of glands after stimulation has been described in detail: man
(Montgomery e¢ g/ 1984; 1985) , cow sheep and goat (Jenkinson ér g/
1979, Montgomery, Jenkinson & Elder, 1982b), and horse (Montgomery,
Jenkinson & Elder, 1982a). Two consistent findings emerged from these
ultrastructural studies: firstly that there appears to be a common
secretory mechanism involving i) secretion including fiuid transport and
exocytosis and 1) cell death and secondly that the original light
microscopical classification of sweat glands as apocrine and eccrine
(Schiefferdecker, 1917) is no longer valid. The classification used
throughout this thesis is thus based on the anatomical association of the
glands with a hair follicle i.e. epitrichial (*by the hair") or atrichial
(*without hair”) (Bligh, 1967; Montgomery et g/ 1984).

1.2.1. The Human / Primate Atrichial Gland

These glands have been, and will continue to be, the most
extensively studied among the sweat glands of the various species. To
date they have been studied /7 v/vo using thermal and pharmacological
stimulation and /7 v/tro using skin biopsies and isolated glands. The
human atrichial sweat gland is composed of a fundus and a duct with two
distinct regions: a cofled portion (proximal duct) and a straight portion
(distal duct).

1.2.1.a Fundus

The fundus consists of a secretory and a myo-epithelium,
surrounded by a fibrocyte sheath, as in all species. The secretory
epithelium is composed of two morphologically distinct cell types, the
granular and the more frequent non-granular, which correspond to the
dark and light cells, respectively, of light microscopical studies
(Montagna, Chase & Lobitz, 1953). The processes of granule production and
secretion and of fluid transport appear to have been separated in human
atrichial glands into two distinct cell types whilst in other species they
are performed in one cell. The basolateral membranes of adjacent



non-granular cells form extensive interdigitations and intercellular
canaliculi are often observed between them. The granular cells are shaped
like “tops” which are broader at the lumen than the base and although the
granules are distributed throughout the cytoplasm they are more
concentrated towards the luminal surface. Granular cells also possess
basolateral interdigitations although these are less pronounced than
those between the non-granular celis. All secretory cells are joined to
their neighbours at the apical surface by tight junctions which have been
shown to prevent the passage of lanthanum from the intercellular space
to the lumen in the cow, sheep, goat and horse (Jenkinson et a2/ 1983).
After thermal stimulation the lumen initially decreases in size but after
prolonged sweating it appears to dilate again. Prominent features of
activity in the secretory epithelium are the dilatation of intercellular
spaces, particularly between non-granular cells, and dilatation of the
canaliculi. The cytoplasm of the non-granular cells contains less glycogen
and cytoplasmic vesiculation is pronounced near the lumen and adjacent
to the canaliculi. The granular cells exhibit granule accumulation at the
luminal surface and granule loss occurs mainly by exocytosis, although a
microapocrine process is involved in some species. Prolonged sweating
causes a continuation of these processes and frequently results in
secretory cell death. The myoepithelial cells are contracted during
stimulation.

1.2.1.b Duct

The duct was often thought to be composed of two cell layers
throughout its length (Ellis, 1962; Thaysen, 1978; Kurosumi, Shibasaki &
[to, 1984) but, whilst there may be regional variation, Montgomery ez @/
(1985) have shown clear evidence that in sweat glands from the human
10in the number of cell 1ayers decreases with increasing depth into the
dermis, from approximately 8 cell layers in the epidermis and upper
dermal duct to 2-3 layers In the coiled portion. Myoepithelial cells are
not present in the duct although there is conflicting evidence concerning
their presence 1n the short transition zone between the coiled duct and
the fundus (Kurosumi et a2/ 1984; Montgomery ef &/ 1983). In the
epidermal and upper dermal regions, which are thought unlikely to be



major sites of electrolyte or water reabsorption (Kurosumi, Kurosumi &
Tosaka, 1982; Montgomery e# a/ 1985), the only signs of activity after
thermal stimulation are 1) a widening of the intercellular spaces, ii)
increased cytoplasmic vesiculation and 1ii) the presence of much more
particulate material in a narrower lumen. The function and direction of
movement of the cytoplasmic vesicles 1s not clear since signs
commensurate with both exocytosis and pinocytosis are seen. The most
marked changes 1n morphology after sweating are seen in the cotled duct
which is composed of a single layer of columnar luminal cells and two
layers of flattened basal cells. After stimulation the apical membranes
of the luminal cells exhibit varying degrees of extension which, in some
Instances, is so extreme as to fill the luminal space. Montgomery et g/
(1985) believed that this extension {s caused by the filtering of cell fluid
through a well-developed terminal web which exists in these cells and
they concluded, on the basis of the presence of similar membranous
configurations in the luminal contents of the duct, that the coiled duct
may be involved in secretory as well as reabsorptive processes.

1.2.2. Enzyme Distribution

Attempts have been made to determine the enzymatic basis for the
secretory and reabsorptive mechanisms in the sweat gland, since the
location of the sites of active transport are a prime concern to any theory
on fluid transport (Quinton & Tormey, 1976). To date these studies have
centred on the activity of Na/K ATPase. This enzyme has been located
over the basolateral surface of both the reabsorptive and secretory
portions of the human atrichial gland but not on the luminal membrane or
next to canaliculi (Quinton & Tormey, 1976). This distribution is similar
to that seen in other epithelia (Poulsen, Bundgaard & Maller, 1975,
Bundgaard, Maller & Poulsen, 1979). For the reabsorptive duct this fed
Quinton & Tormey (1976), Sato (1977) and Quinton (1981) to postulate
that sodium reabsorption occurred by “classical” means (Ussing, Erlij &
Lassen, 1974) with passive entry across the luminal membrane by an
amiloride sensitive (Quinton, 1981) sodium specific conductance channel
(Welsh, Smith & Frizzell, 1982). According to this theory the sodium is
then actively expelled across the basal membrane by Na/K ATPase. The



situation in the fundus fs more complicated since Na/K ATPase has the
same basolateral location as in the duct yet sodium transport 1s in the
opposite direction. Quinton & Tormey (1976) postulated that in the
secretory epithelium Na/K ATPase is not directly involved in the active
transport step but is important in maintaining electrochemical gradients
and metabolic requirements which may become stressed during activity.
A similar theory was proposed by Welsh ef 2/ (1982) who suggested that
changes in Na/K ATPase activity are associated with parallel changes 1n
basolateral permeability so that “several fold” alterations in the rate of
transepithelial transport do not lead to marked alterations in cell
composition. Stiva ef a/(1977), in their model for active chloride
transport by shark rectal gland, suggested that the basolateral Na/K
ATPase acts to maintain a sodium gradient (out-in) which is needed for
the co-transport of chloride. It is this indirect role that seems to be the
function of basolateral Na/K ATPase in secretory epithelia. Sato &
Dobson, (1970) and Sato, Dobson & Mali, (1971) measured the total
amounts of Na/K ATPase in the three regions of the gland: duct, coiled
duct and fundus. They found that the levels were virtually the same n the
coiled duct and fundus, although the fundus had a greater total amount by
virtue of its larger size. The straight duct, however, had only "/10 the

level of the other zones and this suggests that the distal duct does not
have a major role in active transport.

1.3. ISOLATED GLANDS

Despite the simplicity of structure the sweat gland has not been
extensively studied. This is due to the inherent difficulties associated
with its small size (Quinton, 1981; Sato, 1982) and the difficulties in
accurately assessing the periglandular environment /7 v/vo (Sato, 1973;
Sato, 1977). Following the earlier cryoscopic technique of Slegers (1963)
and the micropuncture work of Schulz (1969), Sato (1973) developed a
technique for isolating glands which has been primarily responsible for
increasing the knowledge of sweating at the glandular level (Sato, 1973;
Sato, 1977; Sato & Sato, 19813, b & ¢; Sato & Sato, 1983; Sato & Sato,
1984; Quinton & Tormey, 1976; Quinton, 1981) and this has been further
developed by Lee, Jones & Kealey (1984). These studies have done much to



improve our understanding of sweat gland function and should, in the
future, help to narrow the gap between our knowledge of sweat gland
physiology when compared with other exocrine organs.

In the isolated gland, Sato & Sato (1981a) found that sweating
occurred in response to cholinergic (muscarinic), a and p adrenergic
agents acting through separate receptors characterised by the
effectiveness of the appropriate antagonists. The order in decreasing
stimulatory effect is ACh > B > a. In their subsequent papers they
attempted to determine the subcellular intermediates between receptor
occupation and secretion. The a adrenergic and the cholinergic mechanism
have an absolute dependence on extracellular calcium (a situation which
is similar to that found in the rat parotid gland; Schramm & Selinger,
1975) but, although there is a gradual decline, secretion stimulated by B
receptor mechanisms is considerably resistant to the removal of
extracellular calcium. Stimulation via the B receptor causes a rise in
CAMP levels and there is strong evidence that the elevated cAMP acts as a
second messenger (Sato & Sato, 1981b). An elevated CAMP level after B
stimulation is a common response in many tissues e.g. cardiac muscle
(Krause & Wollenberger, 1977) and parotid gland (Schramm & Selinger,
1975).

Sato & Sato (1981c¢) extrapolated the results from other exocrine
glands and proposed the following theory for sweat gland stimulation: i)
for a and ACh mechanisms calcium enters the cell after the
agonist/receptor interaction and the raised free intracellular calcium
activates membrane potassium channels (Peterson & Maruyama, 1984)
which trigger stimulus secretion coupling in a manner similar to that in
the rat salivary gland (Putney, 1979). There is evidence in the salivary
gland that phosphatidic acid formation may have arole in the mechanism
of calcium channel formation after cholinergic receptor activation
(Putney, 1979; Putney ef &/ 1980); i) the p adrenergic stimulation
causes an increase in CAMP in the secretory cell which then mobilises
calcium from an intracellular pool to the critical site in the cell. An
intracellular calcium release in the g effect seems likely in view of the
resistance to removal of extracellular calcium and a similar system has



been proposed for amylase secretion in the salivary gland, which is also
mediated by B mechanisms (Young & Van Lennep, 1979). Whether the
calcium has a function as a second messenger in this system is not clear
(Berridge, 1975). In view of the fact that the ACh effect is mediated
through muscarinic receptors, which have been shown to produce their
effects through elevated cGMP in several tissues (Young & Van Lennep,
1979), Sato & Sato (1981b) attempted to correlate the ACh affect with an
increase in cGMP in a manner similar to the B adrenergic and CAMP effect.
Although a parallelism between sweating and cGMP accumulation existed
in the first few minutes there was no correlation beyond this time and
they concluded that their evidence “taken together does not firmly
support the role of cGMP in cholinergic sweat secretion but does not
refute it”. However, in view of the conflicting and confusing reports of
cGMP involvement in physiological responses (Goldberg & Haddox, 1977) it
is possible for cGMP to have arole in the secretory process and the
overall control mechanisms for secretion may be similar to those
proposed for the salivary gland by Berridge, (1975; Fig.1 .1) with the
difference that p stimulation will produce relatively more secretion than
B stimulation in salivary glands. The subcellular consequences of an
elevated internal calcium beyond those described above have not been
studied and remain unclear in sweat glands (Sato & Sato, 1981b) although
the eventual effect, in most instances, is production of an isotonic fluid
in the lumen of the fundus. Various models have been put forward to
explain fluid and electrolyte transport in other secretory epithelial
systems and these will be discussed later (Chapter 7) with reference to
work in this thesis.

1.4 OBJECTIV

Jenkinson and co-workers have proposed that the sweating
mechanism is basically the same in all species. This conclusion was
based on ultrastructural studies of glands, before and after thermal
stimulation, in species with (man; Montgomery ef 2/ 1984: and horse;
Montgomery e¢ 2/ 1982a) and without (cow, sheep and goat; Jenkinson &/
a/ 1979) direct innervation. To test the hypothesis that there 1s a
common secretory mechanism, the ultrastructure of the rat footpad



sweat gland, which is an example of a thermally unresponsive
cholinergically innervated gland, was studied before and after
stimulation. In addition to testing this proposal a sound knowledge of the
ultrastructural appearance of the rat gland was essential for further
study of glandular function by electron probe X-ray microanalysis
(EPXMA). A second objective was to compare the intracellular elemental
concentrations and distributions in the sweat glands of various species
using EPXMA to investigate whether a common mechanism of fluid
transport also exists. The glands studied were the rat footpad sweat
gland (stimulated by pilocarpine injection), the human atrichial and the
horse epitrichial sweat glands (stimulated by exposure to heat). These
data were then used to assess sweat gland function in diseased states
e.g. cystic fibrosis and after treatment of skin with sweat inhibitors. The
final objective was to assess the mechanism of action of aluminium
containing antiperspirants. To tackle this project it was proposed to
compare the ultrastructural appearance of glands from untreated and
antiperspirant treated skin before and after stimulation. A similar
comparison of the intracellular elemental concentrations using EPXMA
was also undertaken to determine whether antiperspirants affect the
distributions in the duct and fundus. The information gained in achieving
the first two objectives was, therefore, essential in answering this
question.



Table 1.1. Electrolyte composition of the primary and surface
sweat from various species.

SURFACE SWEAT PRIMARY SWEAT
SPECIES Na K Cl Na K Cl
Human hypo(F) 4-24  hypo(F) 147 ? 122
Monkey palm hypo(F) 5-19  hypo(F) 140 5.5 ?
Cat paw 135-160 25-45 80-120 ? ? ?
Dog paw 10-200(F) 2-25 30-150(F) ? ? 7
Rat paw 4-25 150-200 85 25 160 7
Mouse paw 60 160 ? 60 >100 ?

values are given in mM hypo : hypotonic with respect to plasma. F :
flow rate dependent.



Fig.1.1. Model to account for the effects of catecholaminergic
and cholinergic agonists on the sweat glands. Catecholamines,
released either from capillaries or adrenergic nerves, acting on
basolateral B receptors stimulate adenylate cyclase and this
results in an increase in intracellular cAMP. The elevated cAMP
stimulates the release of Ca'™* from intracellular reservoirs and
there is a subsequent increase in free intracellular Ca™
concentration. Catecholamines acting on a« receptors and ACh,
released from cholinergic nerves, acting on muscarinic receptors
produce similar effects. There is an increase in membrane
conductance to Ca*™ which leads to an increase in intracellular
Ca*. For all three agonists the elevated intracellular Ca**
activates basolateral cation channels and there is an influx of Na*
and an effiux of K'. cGMP may be involved in the mechanism by
which a adrenergic and cholinergic agonists produce this effect.
(Adapted from Berridge, 1975)
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2.1.  INTRODUCTION

The rat footpad sweat gland is an example of an atrichial gland. It
does not, however, respond to thermal stimulation (Ring & Randall, 1947)
as do those in the species previbusly examined (Jenkinson et g/ 1979;
Montgomery e¢ 4/ 1982, 1984) and it produces a hyperosmotic sweat
containing high amounts of potassium (Brusilow, Ikai & Gordes, 1968:;
Quatrale & Laden, 1968; Sato & Sato, 1978). In view of the hypothesis of
Montgomery e a/ 1984; 1985) that the sweating mechanism is basically
the same in all species it was decided to test whether this gland
exhibited similar ultrastructural changes (and presumably a similar
sweating mechanism) to those found in other species after stimulation.

Although rat sweat glands are not activated by heat they are
nonetheless innervated by cholinergic sympathetic nerve fibres and can
therefore be stimulated either by direct nerve stimulation (Ring &
Randail, 1947) or by subcutaneous injection of cholinergic agents (Munger
& Brusilow, 1971; Quatrale & Laden, 1968).

The morphology of the rat footpad sweat gland was studied at rest
and after nervous stimulation by Ring & Randall (1947) using the light
microscope and before and after pilocarpine injection by Munger &
Brusilow (1971) with the electron microscope. The latter study, however,
was based on results from only one stimulated rat and, in view of the
variability in response of sweat glands to stimulation, even within the
same skin region (Ring & Randall, 1947; Hayashi & Nakagawa, 1963;
Thaysen, 1978), further work is needed to determine the full range of
ultrastructural changes within the gland upon activation. The duct of the
rat sweat gland undergoes no ultrastructural alteration after stimulation
and shows no signs of glycogen depletion (Wechsler & Fisher, 1968) and is
therefore thought to play no active role in the formation of the final
sweat product (Sato, 1977). This study was, therefore, restricted to the
ultrastructure of the fundus (secretory coil).

The aims were firstly to determine the ultrastructural appearance
of the rat footpad sweat gland before and after pilocarpine stimulation
and to compare them with the known information on secretory function
and, secondly, to become familiar with the appearance of the gland prior
to electron probe X-ray microanalytical studies of 1t In unfixed and



unstained sections in which location is difficult.

22. METHODS

Five groups of four 6-8 week old, male Wistar rats, (200-250g)
were used. :

Those in group | received one subcutaneous injection of 0.3m]
ptlocarpine (8mg/m1l in 0.9% NaCl in distilled water) in the lumbar skin
fold. Group Il were given two such injections of pilocarpine, the second
after a 6min interval. Group 11 received three fnjections of the
pilocarpine solution at 6min intervals and Group IV were similarly
injected three times subcutaneously with 0.3ml of 0.9% NaCl.

All animals in Groups [-1V and those in Group V, which were
untreated, were killed by cervical dislocation, the former 6min after the
final injection.

Six additional male Wistar rats were treated as follows: 2 were
anaesthetised with diethyl ether and killed by cervical dislocation after
18min; 2 were anaesthetised with “Sagatal” (35mg/kg i.p.) and killed
after 18min; 2 received three sham injections, which consisted of
inserting the hypodermic needle into the lumbar skin fold but injecting no
fluid, at 6min intervals and were killed 6min after the final needle
insertion.

In both experiments, immediately after death the interdigital and
metatarsal plantar pads were removed from each animal and processed by
one of two routes.

2.2.1. Iransmission Electron Microscopy

Small blocks of tissue, approximately 2-3 mm?>, from either the
left or right plantar pads were fixed for 3h in 2% glutaraldehyde in 0.1M
sodium cacodylate buffer at pH 7.3 then washed in 0.1M sodium
cacodylate buffer (pH 7.3) for a minimum of 4h. The tissues were then
post-fixed in 1% osmium tetroxide in cacodylate buffer for 1h,
dehydrated through graded concentrations of acetone, cleared in propylene
oxide and embedded in epon araldite. Sections were cut from each block,
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stained In alcoholic urany) acetate followed by lead citrate, and examined
in an AEl EM6B electron microscope at an accelerating voltage of 60kV.

Na/K ATPase localisation was performed by the method of Ernst
(1972).

The other footpad was processed for EPXMA as described in Chapter

2.3. BRESULTS

2.3.1. Unstimulated Glands

The entire glandular fundus consisted of two cell types, an inner
secretory epithelium and an outer myoepithelium, surrounded by dense
connective tissue contained within a fenestrated fibrocyte sheath
(Fig.2.1.).

The secretory epithelium was composed of cuboidal cells with
differing cytoplasmic densities (Figs.2.1.& 2.4.). The basolateral
membranes of adjacent secretory cells formed numerous interdigitations
or plications which were occasionally arranged as parallel columns
reaching to the basal lamina through gaps in the myoepithelial layer
(Figs.2.1.,, 2.4& 2.6.). The intercellular spaces between these plications
were narrow and this region was confirmed as the site of Na/K ATPase
(Fig.2.7.).

The myoepithelial cells, which formed a wide-meshed net, were
crenated and attached to the basal lamina by hemidesmosomes. In the
present study the connections between myoepithelial cells were not
observed.

Desmosome connections were present between adjacent secretory
cells and between them and the myoepithelium (Fig.2.2.). Adjacent
secretory cells were also joined at their apical membranes by junctional
complexes, including desmosomes and zonulae occludentes (Fig.2.3.), and
gap junctions were also present between them (Fig.2.5.).

The cytoplasm of the secretory cells contained large amounts of
rough endoplasmic reticulum and abundant free ribosomes. Variable
numbers of short microvilii and vesicles were present at the apical
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surface (Figs.2.1,, 2.3.& 2.4) and a terminal web composed of randomly
arranged microfilaments was found in the apical cytoplasm.

On the basts of their cytoplasmic density and mitochondrial
appearance the secretory cells belonged to one of two categories viz. 1)
cells with a less dense cytoplasm, round nuclei and large pale-staining
mitochondria with dilated cristae (Figs.2.1.& 2.5.) or 2) those with a
darker staining cytoplasm, irregularly shaped nuclei and smaller, more
dense, well-preserved mitochondria which contained numerous matrix
granules (Fig.2.5.).

The myoepithelial cells were composed largely of contractile
elements although nuclei, mitochondria, caveolae and rough endoplasmic
reticulum were also present (Figs.2.1.& 2.5.).

2.3.2. Glands Stimulated by Pilocarpine

It was impossible to distinguish any consistent differences
between the effects of one, two or three pilocarpine injections on
glandular ultrastructure. In general, the glands after any one of these
treatments showed a range of ultrastructural changes from mild
stimulation to near fatigue.

In what were assumed to be the early stages of activity the
secretory epithelium was more columnar, the lumen appeared narrower
and the basolateral plications were slightly dilated (Fig.2.8.).

The most noticeable feature of stimulation was the presence of
large quantities of a homogeneous, membrane-bound material, with an
appearance similar to secretory cell cytoplasm without subcellular
organelles, which, in some instances, completely filled the lumen
(Fig.2.8.). The 1imiting membrane around the material was derived from
the apical membrane of the secretory cell which had “ballooned-out”,
either from individual microvilli (Fig.2.9.) or from the expansion of the
entire membrane (Fig.2.10.). Although expanded the apical membrane never
appeared broken, the junctional complexes and gap junctions between
secretory cells were still intact (Figs.2.9.& 2.10.). The terminal web was
more opaque in those cells which were apparently extruding their
cytoplasm into the lumen as described apove (Fig.2.1 2.).
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During pilocarpine stimulation there was no noticeable increase in
the number of vesicles in the secretory cells and no indication of vesicle
exocytosts.

Arter prolonged stimulation there were fewer signs of luminal
cellular material and the apical membranes were seen “pinching-off" the
remains of the cytoplasmic “secretion” (Fig.2.12.). The later stages of
stimulation were marked by a dilation of the lumen, which frequently
contained the remnants of.the cellular “secretion”, and a pronounced
disorganisation of the basolateral membranes (Fig.2.11.). At this stage,
the secretory epithelium was again low-cubiodal and contained “morbid”
cells which appeared to have little cytoplasm and few remaining
Cytoplasmic organelles (F1g.2.13.). However, the nuclei of these cells
were ovoid and regular in shape and there were no signs of cell death
within the epithelium of the fundus. The differences in density of the cell
cytoplasm, noted at rest, remained after three pilocarpine injections
(F19.2.14.) and were more pronounced in some instances with the
pale-staining cells more frequently seen in an “exhausted” state.

The myoepithelial cells of the fundus were contracted throughout
stimulation and this was most marked during the early stages of activity.

2.3.3. Glands after Anaesthesia, Saline & Sham Injection

No significant qualitative differences were seen between glands
from animals in these groups. The glands exhibited basolateral dilatation
of the intercellular spaces and the secretory cells were more columnar
than in unstimulated glands. These changes were associated with
pronounced contraction of the myoepithelium. The luminal space was
narrower (Fig.2.15.) than in either the unstimulated or pilocarpine
stimulated glands, other than those in which the lumen was obscured by
the cytoplasmic “ballooning”.

Apical microvesicles were very numerous (Fig.2.15.) and there were
signs of possible exocytosis along the luminal membrane. In contrast to
glands examined after pilocarpine stimulation there was no sign of
cellular material within the lumen and secretory cells were never seen

extruding their cytoplasmic contents.
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2.4. DISCUSSION

The appearance of cells with different cytoplasmic densities is not
unique and appears to be common to rodent footpad sweat glands (Munger
& Brusilow, 1971; Matsuzawa & Kurosumi, 1963; Kurosumi & Kurosumi,
1970), although the last group only found the difference in mouse plantar
sweat glands after double fixation with glutaraldehyde and osmium. In
the rat footpad sweat gland the limited information is conflicting i.e.
Matsuzawa & Kurosumi (1963) reported that the appearance of cells with
different cytoplasmic densities was age dependent and was present in 10
day old rats but absent in 3 day old and adult rats, whereas Munger &
Brusilow (1971) and myself used rats older than 6 weeks and still
observed cytoplasmic differences. Wechsler & Fisher (1968) reported
different cytoplsmic densities in cells of the rat fundus in pathological
states of water imbalance and Kurosumi e# a/ (1984) concluded that
these differences may be brought about by differences in water content
at an early stage of development or after experimentally induced
imbalance in water content.

Similarly, the differences in mitochondria found in this study have
been reported by Munger & Brusilow (1971). These authors likened the
appearance of the rat sweat gland mitochondria with the isolated
mitochondria described by Hackenbrock (1966, 1968) who described two
forms. The first were condensed mitochondria (equivalent to the smaller,
electron-opaque mitochondria in this study) which were indicative of
inactive cells and the second were orthodox mitochondria (equivalent to
the larger, paler mitochondria in this study) which were found in active
cells. This agrees well with the appearance of the cell cytoplasm in that
cells with dark cytoplasm, which were never positively identified
expelling cytoplasmic material, contained dark mitochondria and v7ce
versa for the paler cells. Munger & Brusilow (1971) found that both the
cytoplasmic and mitochondrial differences disappeared after pilocarpine
stimulation, with all the darker cytoplasm cells converting to the paler
cells. In this study, however, the differences persisted even after a
40-fold larger dose of pilocarpine. This raises the possibility that all the
cells in the secretory epithelium may not be involved in the secretory
response or that they may contribute to different processes cf. the lignt
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and dark cells of the human gland.

These findings are in general agreement with the previous study on
a single stimulated gland by Munger & Brusilow (1971). The unique
feature of a sweat gland fundus reported in this study is the “ballooning”
of the apical membrane and the presumed filtration of the cytoplasmic
matertal through the weli-developed terminal web. Although blebbing of
apical membranes has been noted as an artefact of fixation (Shelton &
Mowezko, 1978) the fact that such an appearance is seen only after
pilocarpine stimulation strongly suggests that this is a true feature of
glandular activity in this species. The coiled duct of the human atrichial
sweat gland exhibits a similar appearance at the apical membrane after
thermal stimulation (Montgomery ef 4/ 1985) and it may be that,
functionally, this region of the human gland and the rat fundus are
comparable. Matsuzawa & Kurosumi (1963) reported a “microapocrine”
secretion in their study of the unstimulated rat gland which is similar to
the appearance of glands in this study after prolonged stimulation which
were “pinching-off" the remains of the cytoplasmic secretion.

The effects of ether and pentobarbitone anaesthesia and the sham
injections, although studied in only two animals per group, collectively
formed a larger group in which the fundus consistently exhibited an
ultrastructure different from glands either before or after pilocarpine
stimulation. In these glands there were definite signs of secretory
activity including exocytosis, an increase in the number of apical
vesicles and extreme contraction of the myoepithelial cells. “Ballooning”
of the apical membrane was never seen after any of these treatments. The
active appearance of the glands in rats after these treatments is probably
caused by a combination of two factors. The first is that it is due to the
action of adrenaline, released as a result of the traumatic experimental
procedure in a reaction similar to the “fight-flight” syndrome. The
second is that the appearance is related to the known occurrence of
sweating during the excitatory phase of anaesthesia (Cohen,1975). It
seems highly probable then, that there is an adrenergic component of
sweating in the rat footpad although Sato (1977) stated that this gland
was not responsive to adrenaline. The ultrastructural dif ferences
between pilocarpine stimulated and anaesthesia/sham injection
stimulated glands may, therefore, be due either to adrenergic and
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cholinergic agonists stimulating two distinct secretory processes or to
adrenaline stimulating the same process as cholinergic agonists but more
mildly. However, if, as in the human sweat gland, the activation of
different receptors leads to the same end result (Sato, 1984) the latter
explanation seems more Iikely. This is further supported by the f inding
that the ultrastructure of the animals in the anaesthetic/sham in jection
group resembles that reported by Munger & Brusilow (1971), after a less
severe pilocarpine (‘/40) dose than was used in this study and it seems

likely that the appearance of glands in these animals is qualitatively the
same as after pilocarpine and probably represents the earliest stages of
activity. Caution is needed in reaching this conclusion since Munger &
Brusilow do not give the anaesthetic used in their study. Similarly, the
fact that anaesthetics stimulate activity in the sweat glands indicates
that in studies using anaesthetised animals as “controls” (Sampson &
Bowers, 1982) care must be taken to assess the degree of activity
induced by the anaesthetic.

In comparing the effects of stimulation on the ultrastructure of
the rat footpad sweat glands with the differences observed in the fundus
of other species by Jenkinson ef a/(1979) and Montgomery ef 4/ (19823,
1984) there are several points to note. Firstly, no dead cells were seen in
either the secretory epithelium or the Tumen of the fundus of the rat
gland, although it is possible, as in the horse (Montgomery e? &/ 1982a)
that examination of the duct would reveal evidence of cell death. Cells
with extremely pale-staining cytoplasm and few intracellular organelles
were often seen after prolonged stimulation but it is not clear whether
necrobiosis is a component of sweating in the rat. Secondly, the
“ballooning” of the apical membrane is not seen in the fundus of any other
species although it has been reported in the human coiled duct
(Montgomery et 4/ 1984). The dilatation of the intercellular spaces and
contraction, both of the myoepithelial cells and of the Jumen, are common
features of all the species studied after stimulation although only the
human (Montgomery et &/ 1984) and rat lumen appears to dilate after
prolonged activity. If it is assumed that the effect of the adrenaline
release induced by anaesthesia and sham injection is to stimulate the
same secretory process as pilocarpine then, apart from cell death, all the
other components of sweating detailed by Montgomery eZ a/ (1984) were
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found in the rat footpad sweat gland. These include water transport,
exocytosis and loss of cytoplasmic material. Whether the “ballooning” of
the apical membrane represents a form of microapocrine secretion or
some form of apocrine secretion it is inconsistent with the definition of
an eccrine gland as described by Schiefferdecker (1917). The stages
Involved in secretion in the rat gland after pharmacological stimulation
appear, in general, to be similar to those previously reported for other
species after thermal stimulation.

The results also provide the basis for an EPXMA study of the rat
footpad sweat gland before and after pilocarpine stimulation. However,
various methods of preparing specimens for the measurement of
diffusible elements in thin sections had first to be developed.
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Abbreviations Used

Bl - basolateral interdigitations
BL - basal lamina

CM - cytoplasmic material

CT - connective tissue

D - desmosome

DSC - dark secretory cell

FS - fibrocyte sheath

GJ - gap junction

L - lumen

LM - limiting membrane

LSC - 1ight secretory cell

MG - matrix granules

Mic - microvesicles

MV - microvilli

Myo - myoepithelial cell

M, - large pale mitochondrion

M, - small electron-opaque mitochondrion
R - ribosomes

SC - secretory cell

TJ - tight junction

TW - terminal web

Z0 - zonula occludens
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Fig2.1.  Anelectron micrograph of the fundus of the unstimulated
rat footpad sweat gland illustrating the paler form of secretory
and the myoepithelial cells, the basal lamina and the surrounding
connective tissue. The secretory cells form a single layer, with
extensive interdigitation of the basolateral membranes, surrounded
by basal myoepithelial cells which form a loose supporting
network. Luminal microvilli and two forms of mitochondria are
present in the secretory cells. (bar = 1um)

Fig.2.2. (Left) High power view of the basal region of the fundus
showing the desmosome connections between adjacent secretory
cells. Abundant free ribosomes are also present in the cytoplasm of
these cells. (bar = 0.5um)

Fig.23. (Right) High power view of the apical region of the
secretory cells of the fundus. Adjacent secretory cells are
connected by a junctional complex which includes a desmosome and
zonula occludens. Microvilli projecting into the lumen are also
visible. (bar = 0.5um)
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fig24 Electron micrograph of the fundus of the unstimulated
rat gland illustrating the second form of the secretory cell. These
cells have a darker cytoplasm, less round nuclei and are less
common than the paler form of the cell. The basolateral

interdigitations reach the basal lamina between the myoepithelial
cells. (bar = 1um)

Fig.2.5  Higher power of the basolateral interdigitations between
secretory cells showing the narrow intercellular spaces and gap
junctions between adjacent cells. The two types of mitochondria
are clearly visible and matrix granules are more frequent in the
smaller, electron-opaque variety. (bar = 1um)
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Fig.26. The basal region of the fundus of the unstimulated gland
showing the basolateral interdigitations forming parallel columns
and the narrow intercellular spaces between them. Mitochondria

were often found in the secretory cell cytoplasm in this region.
(bar = Tum)

Fig27.  An electron micrograph of a comparable region to that
shown in Fig.2.6. Na/K ATPase is localised along the surface of the
basolateral interdigitations. (bar = 1um)
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Fig2.8.  An electron micrograph of the rat footpad sweat gland
after pilocarpine stimulation. The secretory cells are more
columnar, the myoepithelial cells are contracted and the spaces
between the basolateral interdigitations are occasionally dilated.
The lumen is narrower than in control glands and is almost totally
filled with membrane-bound cytoplasmic material extruded from
the secretory cells. (bar = 4um)



26.



F19gs.29.& 210 Higher power views of the apical regions of the
secrefory cells after pilocarpine stimulation. The cytoplasmic
material within the lumen is extruded either from individual
microvilli (2.9.) or by the expansion of the entire apical membrane
(2.10.). The Junctional complexes are still present between
adjacent secretory cells undergoing these processes. (bars = 1um)
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fig2.1t During the later stages of pilocarpine stimulation the
basolateral interdigitations between secretory cells become more
dilated and disorganised. (bar = 1um)

Fig2.12. Electron micrograph of the apical region of the
secretory cells illustrating the “pinching-off” of the extruded
cytoplasmic material and the opaque terminal web through which
the material is filtered. (bar = 1um)
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Fig2.13. After prolonged pilocarpine stimulation the lumen of
the fundus dilates and the secretory cells become less columnar.
The cytoplasm of these cells is very pale staining and they have an

“exhausted” appearance. The myoepithelial cells are still
contracted at this late stage. (bar = 1um)

Fig2.14 Even after prolonged stimulation there are still
secretory cells that have a more electron-opaque cytoplasm and
which appear to have undergone few changes from the control

state. It was not uncommon to find these cells adjacent to the
“exhausted” secretory ceills. (bar = 1um)
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Fig2.15 An electron micrograph of the fundus after ether
anaesthesia. The secretory cells are columnar and the lumen 1s
markedly narrower than in control glands. The myoepithelial cells
undergo a pronounced contraction and the intercellular spaces
between the basolateral interdigitations are wider than in either
unstimulated or pilocarpine stimulated glands. Although the lumen
is narrow it fs clear and contains no cellular material. In the
apical region of the secretory cells there is an increase in the
number of microvesicles. (bar = 2um)
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3.1.  INTRODUCTION

There are two important stages involved in biological EPXMA i)
specimen preparation and i1) specimen analysis. Failure to use the

appropriate technique in any part of efther stage affects the results
adversely (Ingram & Ingram, 1984).

3.2. SPECIMEN PREPARATION

The main objectives of specimen preparation are to process the
tissue to the point of microanalysis whilst maintaining it as close as
possible to its /7 vivo state so that the elemental distribution can be
quantitated with a high degree of spatial resolution, For biological
tissues, in general, and for this thesis in particular the important
preparative routes are shown in Fig.3.1.

3.2.1. Rapid Freezing (Cryoquenchin

The first step in most, if not all, microanalytical studies is the
freezing of the tissue as rapidly as possible, particularly through the
temperature range O to -120°C, to prevent movement of ions/elements
and to inhibit the formation/growth of large ice crystals that would
impair both the integrity of the tissue compartments and the spatial
resolution of subsequent analysis. Complete vitrification of the surface
of cryoquenched rat liver (McDowall £ 2/ 1983) and insect flight muscle
(Dubochet & McDowall, 1984) has been achieved. However, in most
instances the cooling rates of ™1 x 10%K/s (Franks, 1978) necessary for
complete vitrification cannot be achieved. At cooling rates of =1 x| 09K/s
(Moor, 1971; Bald, 1983), which can be achieved under optimum
conditions, it is possible, however, to obtain specimens which contain an
outer layer, ~10um thick, in which the ice crystal diameter is below the
resolution of the electron microscope and causes little structural
disruption or elemental redistribution (Elder ef a/ 1982). The necessary
rapid cooling has been produced in three ways: i) direct impingement with
liquid sprays (Bachman & Schmitt, 1971; Muller, Meister & Moor, 1980,
Knoll, Oebel & Plattner, 1982), ii) slamming into a block of very pure



metal e.g. copper (Heuser ez g/ 1979; Escaig, 1982; Bald; 1983) or silver
(Van Harreveld & Crowell, 1964; Bald, 1983) cooled to the temperature of
lfquid nitrogen (Van Harreveld & Crowell, 1964; Bald, 1983) or liquid
helium (Heuser ef a/ 1979; Escaig, 1982) or iii) rapid immersion 1n a
sub-cooled liquid. The first route has been used virtually exclusively for
freeze fracture studies of thin cell layers and has had little use in
biological EPXMA. Similarly, the second route, slamming, has not made a
significant contribution to biological EPXMA and the major problem
appears to be the mechanical distortion of the deeper tissues (Seveus,
1978). However, the surface regions are well preserved (Heuser et a/
1979) and Escaig (1982) showed excellent cryopreservation to a depth of
25um in liver frozen by freezing against a copper block. The third route is
the most commonly used by biologists and there is a great deal of
conflicting evidence as to which coolant produces the fastest cooling
rates and, therefore, the smallest ice crystals (Elder ef g/ 1982). In
general, the specimen is either plunged into coolant or held stationary
whilst the coolant is brought upwards over the specimen (Barnard, 1982).
Coolants used include liquid nitrogen slush (Seveus, 1978; Barnard &
Seveus, 1978), Freon 22 (Somlyo, Shuman & Somylo, 1977; Andrews,
Mazurkiewicz & Kirk, 1983), Freon 13 (Gupta ef a/ 1978, Barnard, 1982),
propane (Elder ez a/ 1982; Rick ef a/ 1979), and ethane (Silvester,
Marchese-Ragona & Johnston, 1982). However, the last two have definite
safety problems associated with their use (Bald, 1984) and propane also
suffers from the disadvantage that its freezing point is several degrees
higher than that of 1iquid nitrogen and may inadvertently freeze during
cryoguenching. The latter problem can be overcome by the addition of
20-25% (*/,)) isopentane (Bell, 1956; Jehl ef 2/ 1981) without seriously

affecting the cooling rate. Bald (1985) assessed the properties of various
liquid coolants and found that at atmospheric pressure ethane or propane
was the most efficient coolant depending upon the specimen geometry and
nature of the holder. Liquid nitrogen is potentially the best liquid coolant
if certain criteria can be satisfied (Bald, 1984) i.e. i) excessive vapour
formation is avoided by operating above the critical temperature, ii)
entry velocity is high so that the heat transfer coefficient during the
plunge is proportional to JV and iii) that the cooling is completed during
the plunge whilst the specimen is moving rather than in the stationary



phase after the plunge is completed. It seems highly likely that, in
different laboratories using different guenching techniques, different
coolants will produce the best cryofixation and it is, therefore, up to the
experimenter to assess the individual merits of each. However, Elder e¢
a/ (1982) suggested nine criteria which, when satisfied, yielded the
highest cooling rates and the best cryopreservation with liquid propane.
Using liver as a model they found that rather than increasing continuously
with depth into the tissue the ice crystal damage reached a maximum at
a depth of “40-50um and thereafter decreased to a plateau of <0.3um
between 60-100um from the surface. This has important consequences
for EPXMA of deeper tissue regions and implies that analysis may be
possible in these regions, without a significant loss in spatial resolution,
as long as the probe diameter is greater than the area of the ice crystals
present.

3.3. METHODS AFTER CRYOQUENCHING

3.3.1. Freeze-substitution

After cryoquenching, any ice in the specimen is slowly replaced by
organic solvent dehyrating agents at low temperatures. Once the ice has
been removed (substituted) by the dehydrating agent the specimen is
warmed to room temperature and infiltrated with an appropriate
embedding medium. The length of time required for the substitution is
dependent upon temperature, on the properties of the substituting fluid
and on sample size (Morgan, 1980). Using Agar blocks impregnated with
Sudan black B, as crude tissue models, Harvey, Hall & Flowers (1976)
found that it took 25h for the blocks to clear in acetone as a substituting
flufd and 500 1n diethyl ether. They subsequently used pertods of 3 and
21 days, respectively, for plant tissue substitution. The dangers
associated with this route are those of elemental loss and redistribution
and, with this in mind, Harvey (1982) recommends that substitution be
completed in the shortest possible time. A compromise, however, must be
made between the fluids with the most rapid substituting rate and those
with the best elemental retention properties. The best substituting fluid
found to date, for the retention of diffusible substances, is undoubtedly



dlethyl ether with or without acrolein, up to 20%, to improve
ultrastructural preservation. Ether, as reported by Harvey et a/(1976),
retains catfons at >96% and chloride at 99%. Van 2yl et al (1976)

. recorded 99% elemental retention in root tips and cockroach nerve cord
after substitution iIn ether, aithough, as mentioned above, complete
freeze-substitution with this fluid requires 21 days. Acetone was found
by Harvey et a/(1976) to be a reasonable second choice. Morgan (1980)
11sts a number of substituting fluids with their respective percent
retention rates and it seems clear that with a strict adherence to an
anhydrous protocol, for plants at least, the percent retention of elements
Can be kept to “95%. The temperature of substitution is normally
approximately -80°C and this has been found on an empirical basis to be
approximately correct, as it is below both the eutectic point of the salt
mixtures present and the recrystallisation temperature (Marshall, 1980).
Suitable embedding media should be hydrophobic, be of a low viscosity
and preferably contain no elemental peaks that will interfere with EPXMA.
The most frequently used media are Spurr’s resin (Spurr, 1969) and the
low chlorine version of Spurr’s resin (Pallaghy, 1973). Lauchli et a/
(1970) has shown that 1oss of potassium from the tissue to the
embedding medium at this stage is negligible. The sections should be dry
cut, i.e. without trough liquids, since this 1s a major source of elemental
loss. Harvey, (1982) gives the losses for various elements on different
floatation media as between 10-80%.

3.3.2. Bulk Freeze-Drying & Resin Embedding

This represents a technique of increasing popularity as regards
X-ray microanalysis (Ingram & Ingram, 1984; Elder e¢ a/ 1985; Roos &
Barnard, 1984; 1985; Burovina et a/ 1978; Kuijpers ef al 1984)
presumably as the difficulties in specimen preparation with the
cryosection route become apparent. In this method contact with organic
solvents 1s avoided and the water 15 gradually sublimed from the sample
in a vacuum at a temperature between -80° and -100°C. The tissue is
infiltrated with embedding media after drying and cut as for
freeze-substitution studies. The time taken to freeze-dry samples varies
with sample size and the temperature of drying. Drying occurs when the



partial pressure of water at the surface of the specimen is less than the
saturation vapour pressure of ice which 1S proportional to the
temperature (Robards, 1974; Robards & Sleytr, 1985). A compromise must
be reached between achieving a temperature high enough to allowing
freeze-drying whilst keeping the specimen below the eutectic point (as
for freeze-substitution) and recrystallisation temperature. A range
between -80°C to -100°C is normally chosen for drying. The
recrystallisation temperature for ice in biological systems is variously
estimated at -60°C (Appleton, 1974) and -70°C (Christensen, 1971;
Dempsey & Bullivant, 1976a & b). At temperatures colder than -100°C the
saturation vapour pressure in the specimen is low and drying would take
place at an exceedingly slow rate. Control of the partial pressure of
water in the freeze-dryer is tackled by performing the process in a
vacuum. However, even in a vacuum of 1 x 1077 torr, between 10-80% of
the residual molecules may be water (Robards, 1974). This problem is
normally overcome by placing an anti-contaminator, at liquid nitrogen
temperature, within the chamber close to the specimen (Moor, 1969;
Ingram & Ingram, 1984). Since the saturation vapour pressure of water at
-196°C is 10724 torr this cold surface will avidly attract any remaining
water. Additional measures used to reduce the residual water level
include physical (molecular sieve) and chemical (P,0g) adsorption. In

practice, therefore, the partial pressure of water is negligible and the
drying rate is essentially a function of temperature.

In the bulk freeze-drying of tissue, vacuums greater than 107 torr
do not seem to markedly improve the drying process (Ingram & Ingram,
1975; Lyon et a/ 1985) as the diffusion of water from the still frozen
tissue core through the already dried outer tissue becomes the rate
determining step. In addition to presenting a diffusional barrier to water
molecules the thermal characteristics of this dried outer layer are
significantly different from fice. In a model system comparing the
temperature of a specimen whose properties were initially those of ice
but were converted to those of polystyrene (to represent a carbon based
compound resembling dried tissue) as it dries, JN.Chapman & D.Steele,
(personal communication) found that, initially, the ice will reach the
temperature of the specimen drying stage through conduction. However‘, |
as it dries the properties of the polystyrene outer layer are such that it



1S a poor thermal conductor and is more affected by radiation from
surrounding surfaces. At any time after drying has started it seems likely
that the temperature of this insulating layer therefore 11es somewhere
between the temperature of the drying stage surrounding it and the
temperature of the cold stage (-196°C) Cclosely above 1t. In such
circumstances the removal of the remaining ice in the tissue core 1s
likely to be compromised since, as Coulter & Terracio (1977) have shown,
the rate of drying of this core is proportional to temperature. Since the
mean free path of a water molecule in a vacuum of 107 torr {5 ~1000mm
(Robards & Sleytr, 1985) it seems unnecessary, and undesirable, to place
a cold trap as close to the specimen as is currently supposed and,
perhaps, 1t should be located “out-of-sight” of the specimen (Elder et a/
1986). Although Lechene ef a/ (1979) and Steinbrecht (1984) are
disparaging concerning the freeze-drying process, both from the
viewpoint of morphological detail and elemental distribution, the work of
Coulter & Terracio, (1977) demonstrated excellent morphological
preservation and the recent applications (Ingram & Ingram, 1984; Elder e¢
a/ 1985; Roos & Barnard, 1985) have produced meaningful biological
results.

For both freeze-substituted and bulk freeze-dried material it
appears that the most meaningful results are obtained if the analysis is
performed at the cellular level i.e. differences between cells are
faithfully preserved. The comparison of subcellular regions is of
questionable value (Roos & Barnard, 1985; 1986).

3.3.3. Cryosectioning

The technique of cryoultramicrotomy and the various systems used
are discussed in more detail in Chapter 4. Theoretically the cryosection
is the ideal specimen, in terms of morphological and spatial resolution,
for EPXMA with an energy dispersive detector. All contact with organic
solvents and embedding media is avoided and the analysis is far quicker
to perform than either of the technigues described in 3.3.1. and 3.3.2.
These theoretical advantages are tempered by the practical problems
which must be overcome before adequate sections can be producedf
including the development of ultramicrotomes capable of functioning at
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low temperatures (-120°C for rrozen-hydrated sectioning). The relative

advantages and disadvantages of freeze-dried and frozen-hydrated
sections are given below.

3.3.3.a. Freeze-dried cryosections

Advantages : better peak/background ratio

better contrast
better spatial resolution
easier to prepare than frozen hydrated

Disadvantages : only intracellular elements can be guantitatively
measured, although, if there is a dense extracellular
matrix, qualitative measurements can be obtained
from such regions.

3.3.3.b. Frozen-hydrated cryosections

Advantages : it is the only method for the analysis of

fluid-filled spaces and extracellular areas devoid of
matrix.
this method enables the water content of
subcellular regions to be calculated by comparing
the spectrum background in the frozen-hydrated
state with that obtained from the same region after
the section has been dehydrated.

Disadvantages : the opposite of all the advantageous points given for
the freeze-dried cryosections.

3.4. P v THODS U IN THIS TH

Initially it was proposed to perform the EPXMA study of sweat
glands using freeze-dried cryosections since this method is one of the
two most relfable in retaining intracellular elemental distributions. A
system was developed to prepare freeze-dried cryosections and is
described in detail in Chapter 4. However, despite the success of the
system in preparing cryosections of a variety of tissues, it was not
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possible to use this route for the study of sweat glands due to the
difficulties, described in Chapter 4, in locating glands. The alternative
route taken to perform the study was a routine bulk freeze-drying and
resin embedding method described briefly in Chapter 5. Although, the
equipment required for the bulk freeze-drying already existed in the
laboratory, a suitable resin for embedding still had to be selected. As
discussed in 3.3.1., for freeze-substitution/bulk freeze-drying the ideal
resin has a low viscosity (to allow thorough penetration), is hydrophobic
(to prevent section rehydration), contains no elements which may
interfere with the quantitation and, finally, has good sectioning
properties. The normal choice in such instances is the low chlorine
version of Spurr’s resin (Pallaghy, 1973). However, in practice, the
sectioning properties of this resin were too poor to allow regular and
routine use. Fig.3.2. shows typical spectra from a variety of commercially
available resins used in our laboratory. Experimentation demonstrated
that araldite was a suitable alternative, the only contaminant being
chlorine, An estimate of the errors that this chlorine introduces to the
measurement of chlorine in sections of biological material is described
in Appendix 2.

-38..




3.5.  PHYSICAL BASIS OF ELECTRON PROBE X-RAY
MICROANALYSIS

Electron probe X-ray microanalysis (EPXMA) is a means of obtaining
quantitative elemental information from highly localised subcellular
volumes in material/sections visualised in the electron microscope. The
technique can be performed in the scanning, the transmisston or the
scanning transmission mode and is based on the interaction between a
focussed electron beam and the atoms composing the volume of specimen
irradiated by the beam. For EPXMA the major requirements are a means of:
1) producing a focussed electron beam, i1) visualising the specimen and
iii) detecting the emitted X-rays (Moreton, 1981). Extensive reviews of
the instrumentation and techniques involved have been given by Hall
(1971), Chandler (1977), Russ (1978) Marshall (1980) and Morgan (1985)
and only the features relevant to EPXMA using the transmission electron
microscope (TEM) equipped with an energy dispersive detector (EDX) are
discussed here.

The basic steps in the procedure are: A) the generation of X-rays,
B) the interaction of X-rays with the specimen and the surroundings, C)
the collection and processing of the X-rays and D) the quantitation of the
X-rays.

3.6. GENERATION OF X-RAYS

X-rays are produced when an incident electron is inelastically
scattered by an atom and these fall into two categories i) Characteristic
X-rays and 11) background X-rays (see Fig.3.3).

3.6.1. teristic X-

An atom 1s composed of a positively charged nucleus surrounded by
negatively charged electrons in orbits within distinct shells, labelled K,
L, M, etc. with increasing distance from the nucleus. The innermost (K
shell) electrons are the most tightly bound and possess the lowest
(potential) energy. Due to the tight binding the K shell electrons are more
difficult to remove from their orbits than electrons from the outer shells
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and this effect becomes more pronounced as the atomic number (Z), and
therefore the charge on the nucleus, ncreases. |f an InCident electron
collides with an inner orbital electron of an atom and possesses
sufficient energy (the critical excitation potential, Ec) it may remove
that etectron from its orbit. The atom is then in an excited (ionised) and
unstable state which lasts ~10ns (Borowitz & Beiser, 1971). In this time
an electron from a higher energy orbit refills the vacancy in the inner
shell. The excess energy i.e. the difference in potential energy between
the initial and final states of this electron, is emitted in the form of an
X-ray. These X-rays are named after the shell in which the initial vacancy
occurred i.e. K, L, etc. with a subscript a, B, y,etc. to describe the origin of
the electron which filled the vacancy. Since the orbital energies are
unique for each element, by measuring the frequency of the emitted
X-rays, (v), the element may be identified or characterised by the
equation:

v=24(-12x 10"  (Moseley, 1913, 1914)  -———- !

The intensity of the emitted X-rays, which is a measure of the
number of atoms of that element present in the irradiated volume, varies,
and in biological EPXMA the K line is the most easily detected and is used
to identify and quantify elements.

There is a possibility that the generated X-ray may not be emitted
from the element but may be reabsorbed by an outer electron resulting in
aradiationless transition (Auger effect). The likelihood of an X-ray being
emitted from an element is called the fluorescent yield and increases
with increasing atomic number. The low yield for the Tow atomic number
elements is one of the reasons for the difficulty inaccurately measuring
them. Green & Cosslett (1961) showed that the efficiency of X-ray
production, la, (i.e. characteristic intensity/incident electron) from an
element is a function of both the fluorescent yield and the ionisation
cross-section, (Q), which represents the likelihood of an atom being
ionised by an incident electron of energy Eo.

Q=292x10""x InfE) )
E, E. £ (Roomans,1980)  -—=—= 2

units: [iom‘sations/electron(ch/atom)]
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Overall la=w N/A Q o dz (Russ, 1975)  ==-=- 3

where . = fluorescent yield
N = Avogadro’s number
A = atomic weight
¢ = density
dz = thickness of specimen

In general, the efficiency of K shell excitation is relatively low e.q.
1in 1000 (Reed, 1975) but this effect is overcome by the high numbers of
Incident electrons used in EPXMA.

3.6.2. Background X-rays (Bremsstrahlung; White radiation)

These are also produced from the inelastic scattering of the
incident electron beam. In this instance the incoming electrons interact
with the nucleus of an atom and undergo a change in direction with the
l0ss of some energy which ranges from 0-100% of their initial energy.
The intensity of this background radiation is dependent on the total
atomic number of the irradiated volume and can give a measure of the
local specimen mass thickness. The intensity of the background
radiation, Nc, is given by the equation:

NE)=aZ €6 p
T

where : a=aconstant
Z = atomic number
Nc(E) = intensity in photons s™! per unit energy interval per

incident electron

According to the Kramers equation (1923) the intensity of the
background radiation tends to infinity as the energy of X-rays tends to 0.
However, due to absorption of low energy X-rays in the beryllium window,
the gold layer and silicon dead layer of the detector, the spectrum has the

shape shown in Fig.3.4.
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The value Eo/Ec, that occurs In both equations 3 & 4, 1s called the
overvoltage ratio,(U). One of the aims in quantitative EPXMA 1s to
optimise the peak/background (P/B) ratio and plots of the calculated
characteristic and continuum X- ray Intensity as a function of the
overvoltage ratio show that as U increases so does the P/B. By using
higher voltages the peak/background ratios are increased and the spatial
resolution of the analysis is improved.

3.6.3. Spatial Resolution

As mentioned above, the spatial resolution using high voltages is
very good and in a thin specimen depends primarily on the diameter of the
incident beam (Goldstein et a/ 1977):

Beam width (cm) = 6.25 x 102@(0;) 2z c
EJ[A

where : A =atomic weight
Eo = accelerating voltage
t = section thickness
o = density
Z = atomic number

For most biological specimens the mean Z and density are so low
that broadening can be ignored (Morgan, 1985). Russ (1972) calculated
that for resin embedded and freeze-dried sections 1000A thick, the
lateral spreading of the beam would be 600A and 200A respectively. In
practice, the theoretical spatial resolution is less of a hindrance than the
presence of ice crystal damage which necessitates a large probe
diameter. ]

3.7. INTERACTIONS OF X-RAYS

One of the most important consequences of performing EPKMA at
high voltages and on thin specimens is that the correction factors, for
atomic number effects (2), ¥-ray absorption (A) and for X-ray
fluorescence (F) which give rise to the ZAF correction procedurs applied
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in other, less favourable situations, can be ignored (Hall, 1971). Amore
important problem in EPXMA, particularly with an EDX detector which
accepts X-rays from a wide solid angle, 1s the possibility of extraneous
contributions to the spectra which may include characteristic X-rays and
background X-rays from the specimen rod or the microscope and possibly
even directly recorded electrons (Nicholson ef 4/ 1982). in the TEM this
problem is particularly acute since solid structures such as lens
polepieces etc. are close to the specimen and detector and may emit
X-rays as a consequence of bombardment by elastically scattered
electrons and X-rays. The situation is made even worse because the mass
of the ultrathin section fs so small in comparison with the instrumental
mass. To overcome these problems it is important that the EDX detector
is well collimated and that as many sources as possible of instrumental
radiation are eliminated. Since these factors are of great importance
when using the Hall continuum normalisation method of quantitation they
will be discussed further below.

3.8. X-RAY DETECTION AND PROCESSING

There are basically two types of detector for X-rays, the
wavelength dispersive (WDS) and the energy dispersive. The EDX detector
has been available for a much shorter time than the WDS system but has
rapidly assumed more widespread use in biological EPXMA (Russ, 1978).
Chandler (1977) compared the advantages and disadvantages of each type
in detail but the major advantages of the EDX detector are: a) that it can
be placed closer to the specimen and, therefore, detect a greater number
of X-rays enabling lower probe currents to be used which subsequently
reduces specimen damage; b) that it simuitaneously detects all
characteristic X-rays and the background; ¢) that it is more sensitive
than the WDS detector Its major disadvantage is that the spectral
resolution is poorer than the WDS detector (~'/,4) and this has important

consequences when peak overiap occurs e.g. Kig and Ca,,. The EDX detector

consists of a lithium-drifted silicon crystal (SiLi) which acts as a
semi-conductor and converts the incident X-rays to an electrical signal.
The signal is processed by computer and multi-channel analyser which
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working of the EDX detector requires firstly, that the SiLi crystal be kept
under vacuum and a Be window (nominally 8um) 1s used to separate the
microscope column from the detector and secondly, that a thin layer of
gold (T20nm) be applied to the surface of the crystal. The presence of the
Be window, gold layer and a dead layer at the surface of the SiLi crystal
seriously attenuates soft X-rays from the low atomic number elements
e.g. Na.

3.9. QUANTITATION METHODS

Quantitative results can be derived from the original spectrum
since the intensity of the characteristic X-rays is proportional to the
number of atoms of that element in the irradiated volume (Hall, 1971).
Two principal methods have been used to produce quantitative results
from thin sections (<1um) mounted on Formvar-coated mounts (Hall &
Gupta, 1984) termed by Hall & Gupta (1982) the characteristic-alone
(C-A) (Dérge et al 1978; Rick et a/ 1979; Rick, Dérge & Thurau, 1982) and
the continuum normalisation (C-N) method (Hall, 1971, 1979; Hall &
Gupta, 1982, 1984).

3.9.1. Characteristic-alone

This is normally carried out with a “peripheral” standard, formed
by adding albumin (720g%) to the physiological solution bathing the
tissue so that a layer (710um) is formed around the tissue after
cryoguenching, which is cut and analysed with the specimen. Cell wet
weight concentrations are caiculated by dividing the characteristic
intensities in the cell by the characteristic intensities in the standard
and multiplying this ratio by the known wet weight concentration of the
element in the standard. e.g.

[Naly = Na INT /Na INTg,0 x[Nalg,, === 6

cel

For elements present in low levels in the bathing solution e.g. K and
P, the concentrations can be calculated with reference to another element
and a correction factor is applied to account for the different fluorescent
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yields for the two elements, which have previously been determined from
albumin standards. e.g.

[Klegn = K INT g /ClINT, x[Clpe XA —meme v,
3.9.1.a. Advantages and Disadvantages

With peripheral standards, the C-A method gives a direct measure
of the amount of element per unit tissue volume at the time of sectioning
(Hall & Gupta, 1982). For accurate quantitation two factors need to be
taken into consideration:

1) the section must be of uniform thickness or at least be the same
thickness in the areas of specimen and standard analysed (Hall & Gupta,
1982; Rick et 2/ 1979). The latter state that small differences in section
thickness within individual cryosections might lead to errors but that
these can be expected to be minimal if the analysis is performed at a
cellular level using serial sections (see discussion in Lechene & Warner,
1979, p328-530). This assumes no discontinuous chipping or cutting
during cryosectioning and no differential compression during cutting or
retrieval of sections (Hall & Gupta, 1982).

i1) that no differential swelling or shrinkage of the specimen and
peripheral standard occurs during processing. Hall & Gupta (1982) state
that errors introduced by these problems tend to average out, at least for
intracellular elements and if the analysis is performed on numerous
sections. The major advantage of this technigue is that since it makes no
assumptions or use of the background no errors are introduced by this
measurement (see C-N method below).

3.9.2. Continyum-normalisation

This method makes use, not only of the proportionality between
characteristic intensity and number of atoms of an element, but of a
similar relationship between the background intensity and total tissue
mass to give a measurement of elemental mass/unit tissue mass (termed
the “mass fraction”). Hall (1971) gives the equation in a form which is
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applicable to biological spectmens where elemental concentrations are
<5% as:

Cr=Rx AxGx S (CZ%A 8

where : Cx = the mass fraction of element x
Rx = (characteristic counts element x/continuum
count)ye./ (Characteristic counts element x/

continuum count)g,,

Gx = Nx/Z(NZ?) in the standard for element x

Ax = atomic weight of element

C'7%/A = a matrix factor to account for the contribution
to the background of 1ight elements that do not
produce characteristic radiation. See Hall (1971) for
the general derivation.

The standards used in this method need to satisfy several criteria.
They must: a) contain the element of interest, b) be of known
composition, ¢) be thin i.e. so that measurements will not be affected by
X-ray fluorescence and absorption and d) be homogeneous (Hall, Anderson
& Appleton, 1973)

Once the standard values (needed for equation 8) for the elements
of interest have been caiculated the only quantities that need to be
measured from the specimen are those in the numerator of the Rx value.
The background counts are normally measured in a region of the spectrum
free of characteristic peaks. For a worked example see Hall et &/ (1973).

3.9.2.b. Advantages and Disadvantages

The major advantage of this method is that it is independent of
variations in section thickness since the ratio of
characteristic/background is simultaneously calculated in the same area.
The method is suitable for the quantitative analysis of frozen-hydrated
sections and for the calculation of water content, which can be found by
measuring the background, first in the frozen-hydrated state, and then in
the freeze-dried state (assuming a correction factor for the lateral
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sections and for the calculation of water content, which can be found by
measuring the background, first in the frozen-hydrated state, and then in
the freeze-dried state (assuming a correction factor for the lateral
shrinkage that occurs on drying, neglecting the small change in the matrix
factor due to the loss of water and assuming that the section was fully
hydrated initially). The disadvantages lie in the assumptions made in
equation 8 and in the measurement of the background. Firstly, the
Kramers equation, used to calculate the total mass of the section from
the spectrum, is initially based on a crude assumption. However, although
a more accurate theory for background production now exists, the
modified Bethe-Heitler (MBH) (Chapman e¢ 2/ 1983; Nicholson & Chapman,
1983),Shuman, Somlyo & Somlyo (1976) calculated that the
approximation, (nw) is proportional to SNZ2 (Hall & Gupta, 1984), is
adequate at least upto Z=21 i.e. the elements of biological interest.
Secondly, the matrix correction %A s only an approximation for the
elements not measured. in biological material the major elements not
measured are C, N and O and Hall (1971) calculated the correction factor
for a typical matrix to be 3.28. The variations in Z2A for different
matrices are small (Hall, 1979), except for water (important in analysing
frozen-hydrated sections). However, the most important factors that
affect the accurate measurement of the specimen background are
contamination, mass 10ss and extraneous contributions from
non-specimen regions. Contamination is unlikely to be present in a
“clean” microscope system with a good anti-contaminator but, if it were,
the effect would be to increase the apparent mass of the section and
decrease the P/B and the mass fractions of the characteristic elements.
Mass loss, which is generally regarded as a 10ss of the organic matrix in
biological sections, is dependent on 1) the composition of the specimen,
ii) the electron dose and iii) on the temperature at which analysis is
performed:

i) A rapid loss of mass has been reported from gelatin (Stenn & Bahr,
1970), Spurr's resin (Halloran & Kirk, 1979) and dextran (Tormey, 1979).
Although Bahr, Johnson, & Zeitler (1965) reported loses of between
10-90%, depending on the composition of the polymers they studied, the
mass loss normally found for organic matrices in biological EPXMA s
20-40% (Hall et a/ 1973; Hall, 1979) under most operating conditions.
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fi) Mass loss occurs at electron doses below those usually used for
EPXMA (Bahr et @/ 1965). Hall (1979) calculated that, for biological
specimens, mass 10ss would occur at doses of approximately 1.8 x 1079
C/umz, a dose which is exceeded in almost all instances of practical
EPXMA. 111) Low temperatures have been used to prevent mass 10ss (Hall,
1979; Hall & Gupta, 1974) and can reduce the 10ss to a negligible level,
although Egerton (1980) calculated that the resistance to beam damage at
low temperature may be no more than 100 fold compared to room
temperature analysis. In contrast to the loss of mass from the organic
matrix the loss of characteristic counts in biological tissue has only been
reported for sulphur in albumin standards (Rick e¢ 3/ 1982) and Ca and P
in dentine (Edie & Glick, 1979). For Na, K, and Cl in freeze-dried albumin
standards Rick ef g/ (1982) found no 10ss at room temperature even with
a 1000 fold increase in current dose cf. the losses encountered in
microdroplet analysis (Roinel & LeRoy, 1980; LeRoy & Roinel, 1983;
Morgan & Davies, 1982). Finally, the extraneous contribution to the
background is the most hazardous aspect of the C-N method and this can
arise from a number of sources. The steps taken to reduce this
contribution include the careful collimation of the incident electron beam
and the reduction of the mass of solid material above and below the
specimen to the minimum mechanically feasible. Constructing these
regions from low Z materials also reduces X-ray production (Nicholson &/
4/ 1982). There are two approaches which can be taken to reduce the
residual extraneous contributions, normally from the specimen rod and
the immediate surrounds. The first is to build these regions from a low Z
material such as C or Be (Russ, 1977; Saubermann ¢ 2/ 1981, Panessa &¢
g/ 1978). These materials will, however, leave an unknown background
which may be large (Nicholson & Chapman, 1983) and cannot be
calculated. The second method is to construct the remaining components
of a material which produces a characteristic peak which, with reference
to apure spectrum of that element, can be deducted from the specimen
background (Nicholson & Dempster, 1980; Nicholson & Chapman, 1983).
The only important consideration with this route is that the material
chosen should not produce a characteristic line in a region of interest

(Hall, 1971).
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3.9.3. Standards

Both techniques require the use of standards to produce
quantitative resuits. The peripheral standard in the C-A method serves as
a standard for all the elements of interest (Rick ef 4/ 1979) and when
used for the C-N method and frozen-hydrated sections can give an
indication of the degree of tissue hydration at the time of analysis (Hall
& Gupta, 1982; Gupta & Hall, 1979; 1981). A large number of standards
have been used for quantitation by the C-N method including;
organometallic compounds (Roomans & van Gaal 1977, Spurr, 1975),
aminoplastic standard (Roos & Barnard, 1984) and mineral salts (Hall,
1971; Hall et a/ 1973; Nicholson & Dempster, 1980). Standards that
resemble the specimen in terms of matrix composition and mass
thickness have been used to eliminate errors in the quantitation due to
the 72 assumption and because the instrumental contribution to the
background will be similar to that from the specimen. Nicholson &
Chapman (1983) have shown that where there is no alteration in the mass
of the specimen or standard due to radiation damage and contamination
the use of such standards is advantageous. However, they also showed
that in a well-designed electron microscope with minimal instrumental
contribution, which can be quantified, that large differences in mean Z
and mass thickness of specimen and standard do not pose any problems
and that mineral standards offer the advantage of good counting
statistics and stability in the beam.

3.10. CHARACTERISTICS OF THE ELECTRON MICROSCOPE AND
T ION METHO INT R

3.10.1. Electron Microscope

A JEOL JEM 100C transmission electron microscope fitted with a
Link Systems 290 Analyser and a Kevex energy dispersive SiLi detector
(30 mm? crystal, resolution = <160eV at 5.9KeV) was used throughout
this study. The quantitation method used in this thesis was based on the
Hall continuum normalisation method. As explained in the introductton
(3.5.4.b), the Hall continuum-normalisation method of quantitation
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requires that the origin and intensity of the background be accurately
determined. To reduce the instrumental contribution to the background

certain modifications have been made to the microscope used in this
study.

3.10.1.a Microscope Modifications

The modifications made to the analysis system have been described
in detail elsewhere (Nicholson, Robertson & Chapman, 1977; Nicholson &
Dempster, 1980; Nicholson ef 4/ 1982) but briefly are as outlined below:
1) Any solid material in the vicinty of the specimen that was unnecessary
was removed. Any remaining solid structures which produce X-rays and
can be “seen” by the detector were constructed from aluminfum and any
solid materials which contributed only to the scattered electron
background were constructed from, or coated with, carbon. 1) The
collimation of the incident electron beam was improved by the use of
thick condenser apertures (>0.25 mm molybdenum or platinum) to prevent
electrons outside the main beam generating X-rays. A lead aperture
located in the anti-contaminator ensures that no high energy X-rays
generated high in the column reach the specimen. iii) The specimen
surrounds were constructed from elements of low atomic number and
were modified to increase the solid angle of the free space beneath the
specimen. The anti-contaminator was remade in aluminium and the
internal surfaces were coated with carbon to reduce scattering. The
lower hole in the anti-contaminator was enlarged, the phosphor bronze
spray aperture in the lower bore of the objective lens polepiece was
removed and a new aluminium guard tube was made to mask the upper
part of the lower polepiece. The objective aperture rod was shortened so
that it 1s ~10 mm from the specimen when the aperture mechanism is
withdrawn. iv) The specimen rod was remade in alumintum, retaining as
Httle solid material above and below the specimen as possible. The top
plate of the rod is the only solid material above the specimen and can be
constructed from aluminium, titanium, magnesium or copper depending on
the aims of the experiment. v) The X-ray detector collimator was
redesigned using lead, coated with carbon, to prevent electrons being
scattered onto the detector window and to prevent high energy X-rays
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being transmitted through the collimator walls. vi) One hole (0.8 mm
diameter) specimen mounts (3 mm diameter) of titanium and copper were
used exclusively in place of the conventional mesh grids (Nicholson,
1974).

To reduce mass 10ss, a specimen rod capable of achleving a tip
temperature of -160°C to -170°C was developed (Nicholson,
Biddlecombe & Elder, 1982). The rod was made to a simflar design to the
room temperature rod described above except that the region in which the
specimen is held was made from very pure copper rather than aluminium.
A new anti-contaminator was designed to replace the commercially
available model which could not reach sufficiently low temperatures to
prevent contamination of the specimen. The major difference in design
was to locate the liquid nitrogen tanks, used to cool the
anti-contaminator, inside the microscope column. The region of the new
anti-contaminator immediately around the specimen was of a similar
construction to the modified commercial model described above. The
stability of the rod and the thermal performance of the rod and
anti-contaminator have been fully described elsewhere (Nicholson ez 4/
1982).

In the present study the use of low temperatures (7-160°C)
prevented the 10ss of approximately 16% of the section mass when
compared to analysis at room temperature. Whether measurements and
analysis at the low temperature represent no organic mass loss or merely
arelatively smaller loss compared to room temperature analysis cannot
be determined. (See Appendix 3 for experimental details) It appears
that, if analysis is performed at room temperature, the organic mass loss
will result in a 16% overestimate of the mass fraction which must be
taken into consideration when comparing results with those obtained at
low temperature.

3.10.2. Spectrum Quantitation

Once the modifications were made to the microscope, any
remaining instrumental contribution to background was measured and
removed by the method given in Nicholson & Dempster, (1980). A spectrum
was recorded from the interfering solid instrumental peak under
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identical conditions to those used for analysis of specimens. A “white”
window was selected as a region from which to calculate specimen mass,
in this study a 5 keV window centred on 12 keV (aregion free of
characteristic peaks), and the ratio of characteristic counts in the
interfering instrumental peak to the number of counts in the “white”
window was calculated. With the analytical conditions used in this study
it was found that for every 1000 counts in the titanium or copper
instrumental peak there were 9.86 and 10.33 counts respectively in the
“white” window. These white solid correction factors were incorporated
in the quantitation programme. The calculation of the number of
characteristic counts in each specimen elemental peak was performed
using a straight line background subtraction technique. in spectra from
biological specimens the close grouping of the characteristic peaks in the
region 1keV to 3keV makes it difficult to place background windows for
every peak. The technique described by Nicholson & Dempster, (1980) was
used and this involved placing a window (79 channels) on either side of
the group of peaks, phosphorus to chlorine. From plots of typical
experimental spectra a factor was calculated for each element which
relates the true straight line background, h,, to the average straight line

background, h,, calculated from the two background windows and these

were written into the quantitation programme. The number of counts in
the characteristic peak is then:

peak=P-'/,(B,+BIxk - 9

where : Kk = correction factor, hy/h,
Schematically, both principles are shown in Fig.3.3.

The channel widths (20 eV) used throughout the project were:

Sodium S
Chlorine 7
Potassium 9
Calcium 9
Titanium 13
Copper 13
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The characteristic peak of calcium was deconvoluted by
calculating, from a pure potassium standard, the ratio of counts falling in
the potassium ka window to the number of counts falling in the calcium
ka window, which were due to the potassium kp peak. By setting the
appropriate background windows this correction factor was calculated
and found to be 0.062. This value was also built into the quantitation

programme and operated in a similar way to the white solid correction
factors above.

3.10.3. Analysis Conditions

Analyses were performed at 80 kV for 100s live time, in the cold
specimen rod tilted to 30° from the horizontal, at -160°C for the rat
footpad study and at room temperature for the human and horse giand. The
modified anti-contaminator was used throughout the study at
temperatures of “-170°C. Beam diameter was typically 200 nm although
this varied depending on the ice crystal damage present in the section.
Beam current was measured with a collection plate (Nicholson, 1981),
accurate to £ 5%, and was found routinely to be about 0.4nA. As explained
by Nicholson & Dempster (Discussion pp 529, 1980), provided the
specimen can withstand the current focussed into the spot size and the
X-ray analysis system is not overloaded with counts, the beam current is
relatively unimportant since the characteristic peak is normalised to
background and the effects are generated simultaneously. The detector
window was placed 30mm from the specimen and the zero and peak
calibration were checked prior to each analysis run.

3.10.4. Standards Used in this Study

The various standards that can be used in the Hall method need only
be of known composition and thin enough to allow complete transmission
of the electron beam. Standards used in this thesis inciuded human
enamel (Calcium & phosphorus), Jadeite (sodium), solutions of sodium
chioride, potassium chloride and potassium dihydrogen phosphate dried on
one hole mounts, carbon coated and analysed at -165°C in the cold rod.
The most reproducible results were obtained with enamel (for calcium),
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Fig3.l. Diagram showing the most common methods used for the
preparation of biological material for EPXMA.
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Fig3.2 X-ray spectra from sections of routine laboratory
embedding media showing the elemental composition in the energy
range OkeV to SkeV. Araldite has the fewest contaminants and was
the embedding medium used for all EPXMA studies in this thesis.
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Fig3.3 Physical basis of X-ray generation in the electron
microprobe. Right half of the figure illustrates generation of
characteristic X-rays. (1) An electron in the beam impinges on an
atom and (2) knocks out an electron in an inner atomic orbit. The
incident (3) and the ionised (4) electrons leave the atom, and (S) an
electron from an outer orbit “drops” into the vacated orbit. The
loss of energy in this transition is emitted as characteristic X-ray
quantum. Left half of the diagram illustrates the generation of
X-ray continuum. An incident electron (A) 1s decelerated (B),
resulting in the emission of a quantum (C) in the X-ray continuum.






Fig3.4 A typical spectrum from the sweat gland secretory
epithelium, as recorded by the energy-dispersive X-ray
spectrometer used in this study, illustrating the characteristic
peaks and the background on which they are superimposed.
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Fig3.5 Methods for calculating characteristic peak counts and
correcting spectra for instrumental background/Bremsstrahlung
(Nicholson & Dempster, 1980)
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4.1.  INTRODUCTION

The use of cryoultramicrotomy as a preparative method for the
electron probe X-ray microanalysis of biological material was first
reported In the early 1970's (Davies & Erasmus, 1973). Prior to this date
cryosectioning had been used to: 1) demonstrate that the appearance of
conventionally fixed electron microscopical samples was not artefact
(Fernandez-Moran, 1952); ii) enable autoradiographic study of soluble
compounds (Appleton, 1977); i11) increase the productivity of
histochemical laboratories (Doty, Lee & Banfield, 1974). The specimens
used for these purposes were usually chemically pre-fixed and sub jected
to several other procedures (Bernhard & Leduc, 1967) that would be
unacceptable for the preparation of specimens for the EPXMA of diffusible
elements. With improved methods of cryofixation an increasing number of
investigators turned thelr attention to the problems of cutting ultrathin,
fresh-frozen sections, both to improve its application to the procedures
outlined above (Hodson & Marshall, 1969, 1970; Christensen, 1967, 1971)
and for X-ray microanalysis (Davies & Erasmus, 1973). These groups, and
others, independently developed systems for what had now become known
as “ultracryotomy” (Hodson & Marshall, 1970) or more generally as
cryoultramicrotomy. The types of microtome used belonged to one of two
categories, each with its own advantages and disadvantages.

4.1.1. t icroto

In this system a cold environment is achieved by the incorporation
of a standard ultramicrotome in a low temperature cabinet (Bernhard &
Leduc, 1967; Appleton, 1974). These cryostats have good thermal
stability and extensive space for manipulations. However, as the
ultramicrotome must be adapted to function at low temperatures this
method is also expensive, requiring an ultramicrotome dedicated entirely
to cryosectioning. The cryostat systems have been used mostly, although
not exclusively (Appleton, 1974; 1977) to cut thicker sections at warmer
temperatures than those normally employed in cryoultramicrotomy.
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4.1.2. ltramicr h tach

In this instrument the cold environment is confined to the region
around the specimen and knife. With the cryochamber attachment the
knife and specimen may be cooled either separately by their own
individual cold gas or liquid nitrogen supply (Seveus, 1978; Dollhopf &
Sitte, 1969; Sitte, 1984) or by the cooling of the whole sectioning
environment, as 1n the Sorvall ultramicrotome used in this study
(Christensen, 1971). The cryochamber attachment has the advantage that
1t can easily be fitted to existing ultramicrotomes, but offers cramped
conditions (Iglesias, Bernier & Simard, 1971) and, potentially, a less
stable thermal environment. Irrespective of the type of microtome used
or the route taken to achieve the necessary cooling several well-accepted
criteria for successful cryoultramicrotomy now exist. All cryosectioning
systems require a cold dry environment (Pearse, 1980), rigid specimen
mounting (Appleton, 1974) and stable knife (Saubermann, 1980) and
cryochamber temperatures (Doty ef a/ 1974).

4.2. PECIFIC PR M T ITH TH v
MT2B AND FTS CRYOATTACHMENT

The specific problems associated with the Sorvall system were: i)
condensation of water from the room atmosphere and subsequent ice
formation around the rim of the cryochamber and microtome head,
resulted in ice crystals falling into the cryochamber. This reduced the
duration of cutting and severely impaired freeze-drying, i) in obtaining
a trimmed specimen, which is required for serial sectioning (Appleton,
1974). The cramped conditions within the cryochamber made trimming
difficult and while trimming under liquid nitrogen (Christensen, 1971)
was an improvement, the bubbling of liquid nitrogen (LN,) impaired

visualisation. This work describes attempts to satisfy the criteria given
above and overcome the initial problems found in using the Sorvall
system and to then use this modified cryoultramicrotome to cut sections
of rapidly frozen biological tissue, particularly sweat glands.
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4.3. METHODS

4.3.1. Reconstruction of Microtome Surrounds

The entire microtome, excluding the low temperature controller
(LTC), viewing microscope and light source, was encased in a large
wooden box sealed at the joins with silicon rubber and heavy duty
insulating tape. A perspex front portion enabled viewing of the
cryochamber and working areas. All manipulations within this box were
performed using long-sleeved rubber gloves fitted to specially designed
ports (6 & 7; Fig.4.1.). The microtome on/off switch was transferred to a
foot pedal and the remaining ultramicrotome controls, for section
thickness and cutting speed, were operated through rubber gloves on ports
I & 7 (Fig4.1.). The insulated pipe for cold N, gas, from a 25 litre dewar,

was channelled through a diaphragm on port 5 (Fig.4.1.). Inlet points for
dry N, gas, from a cylinder (BOC Ltd.) enabled the box to be flushed with

dry gas before and during cryosectioning. A perspex shelf was constructed
at the level of the cryochamber base to provide a firm support for the
trimming assembly (described below) and a convenient storage area for
instruments. Specimens and instruments could be introduced through
ports 2, 3 & 4 (Fig.4.1). The temperature sensor (TS) was removed from
the microtome head and placed near the cutting edge of the knife
(Fig.4.3.).

4.3.2. Irimming Assembly

To enable low temperature trimming of the specimen on its stub
within the box a trimming assembly was constructed (Fig.4.2.). The base
of the assembly (T; Fig.4.2.) was made of polyset polyurethane (Tufnol
Ltd.) and was fastened to the perspex shelf by two wing nuts. A shaped
copper block, surrounded by a sheet of expanded polystyrene to increase
the insulation, (CB; Fig.4.2.) was screwed firmly to the top of the
polyurethane base and was cooled via thick copper braid (CU) immersed
in a reservoir (R; Fig.4.2.) of LN, filled from the outside viaa pipe (I;

Fig.4.2.). The microtome head (MH; Fig.4.2)), which fitted precisely into
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the copper block, was held in place by a screw (HC; Fig.4.2.) in the side of
the assembly. The temperature of a specimen in the microtome head could
be adjusted by varying the flow-rate of cold, dry nitrogen gas through a
Jet (J; Fig.4.2)) cooled by passing through a copper coil (C; Fig.4.2.)
immersed in the LN, reservoir. The trimming assembly was carefully

positioned in the box equidistant with the knife edge from the central
pillar of the viewing microscope which could, therefore, be easily swung
from one position to the other. In addition, the height of the assembly
was accurately determined so that the tip of a specimen on its stub,
clamped within the microtome head in the trimming position, was at the
same height as the knife edge. The microscope did not, therefore, require
refocussing when changing viewing positions. The focal distance of the
microscope was increased by a supplementary lens and by the addition of
a spacing ring to the microscope central supporting pillar. The
illumination of the cryochamber, the trimming assembly and the working
areas was improved by the addition of a fibre optic light source (F;
Fig.4.1.). An anti-roll plate, constructed from a Teflon-coated sliver of
cover-slip, could be positioned above the knife edge using
micromanipulators (M; Fig.4.1.) operated through ports 6 & 7 (Fig.4.1.). A
modified knife-holder was manufactured to enable sectioning with
single-edged steel knives (Schick).

44 PERFORMANCE TESTING

To determine the thermal characteristics of this modified system
and the temperatures experienced by a “specimen” throughout the
procedures involved, a series of thermocouple measurements was
undertaken. The measurements were made using copper/constantan
thermocouples linked to a ten channel digital thermometer (Comark 5000,
Comark Ltd.). This recording system was accurate to one degree and could
follow temperature changes of 200K/s. It was calibrated against boiling
LN,, subliming solid carbon dioxide and melting distilled water.
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4.41. TIrimming Assembly

The temperature of the trimming assembly was measured at three
points: 1) the copper block of the assembly (CB; Fig.4.2.), 11) the
microtome head (MH; Fig.4.2.) and 111) in a simulated specimen formed by
embedding a thermocouple (diam.~0.4mm) in a drop of
polyvinylpyrrolidone (PVP; m.w.=40,000) on a stub. The tip of the
thermocouple was bent back until it just protruded from the PVP. Thermal
stability was reached at all three regions within 30min of addition of LN,

to the reservoir irrespective of whether or not the N, jet was activated.

F19.4.4. shows the temperatures recorded by the 3 thermocouples at 4
different N, flow rates through the jet (readings taken every 30s).

Although shown only for 10min periods, the approximate duration of
trimming, these stable temperatures could be maintained for upto th. The
temperature of the specimen was mainly dependent upon the N, flow rate

and could therefore be set at an appropriate level merely by adjusting the
flow rate from the N, cylinder and it was important to ensure that the

short path from the jet to the specimen was not obstructed. At all flow
rates the temperatures of the copper baseplate and the microtome head
were very similar except at the highest pressure (15psi), where the
microtome head was colder. This was due to the direct influence of the
jet which at this pressure produced LN, rather than cold N, gas. However,

the level of LN, in the reservoir was also an important feature in

maintaining the thermal stability of the entire assembly. If the level fell
below 1 inch of the upper lip the temperature rapidly rose and this was
most pronounced at the highest flow rate.

4.42. Cryochamber

Nine thermocouples were sited in the cryochamber as shown in
Fig.4.5. Once a steady temperature had been reached (approx. 30min after
transfer of the specimen to the chamber) the readings were recorded at
30s intervals for periods of upto 1h. The figures in Table 4.1. are the
means of 60 recordings, taken at 30s intervals, from the nine sites,
clearly show that there was a difference of ~40° from the bottom to the
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top of the chamber at equilibrium. In addition, the temperature at the
same level within the chamber varied by as much as 10°. The outstanding
feature, however, was the remarkable stability at all sites, which could
be maintained as long as LN, supplies permitted. Fig.4.6.a shows the

temperature recorded at S points within the cryochamber during the
cutting stroke of the microtome. At a temperature setting of 193K the
knife edge was 9° warmer and the simulated specimen 16° warmer while
the temperature of the gas adjacent to the knife was within 4° of the
setting. Despite these differences in temperature, the entire
arrangement, as for the trimming assembly, was thermally very stable,
even during the cutting cycle. Removal of the standard perspex baffle
plate (B; Fig.4.3.) from the cryochamber considerably increased the
variability of the temperature of the gas at the knife edge. Fig.4.6.b
demonstrates the temperature fluctuating regularly by 5-6°
corresponding to the switching on and off of the cooling system.
Similarly, at control settings of 223K and 153K (Fig.4.7.), the
temperatures were warmer than the setting but were still stable
throughout the recording period. To obtain the desired temperature within
the cryochamber for cutting and freeze-drying, the LTC had to be offset
by an amount determined from these experiments/measurements.

443. Cantilever arm

Fig.4.8. shows the temperature of the cantilever arm measured at
the 4 points shown in Fig.4.5,, and although a thermal gradient existed
along its length this was again very stable with little or no temperature
change during the 30min period shown.

444 Cryo-transfers

The thermal history of the simulated specimen from storage in LN,,

through the trimming procedure, to the cryochamber is shown in Fig.4.9.
During the initial transfer from storage into the cooled microtome head
the specimen temperature rose rapidly for 5-10s then returned to the
preset temperature of the trimming assembly. At no stage was the
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temperature warmer than 140K. During trimming there was no significant
temperature rise although fluctuations of ~S° were observed, especially
when loosening the clamping screw to turn the specimen. The second
transter, from the trimming assembly to the cryochamber, was
accomplished in <Ss using the gloves on ports 6 & 7 (Fig.4.1.). There was a
rapid rise in specimen temperature which then equilibrated to the
cryochamber temperature over the next 15-30min.

4.5.  ASSESSMENT OF THE MODIFIED CRYOULTRAMICROTOME

Encasement of the microtome to provide an environment of dry N,
gas combined with the evaporation of N, from the cryochamber and

trimming assembly greatly reduced the frosting originally encountered
and, with careful and regular use, the system proved to be completely
frost free. The new trimming assembly provided a convenient means of
shaping the tissue, and by selecting a temperature at which freeze-drying
is minimal i.e. 123K or colder, this step will not compromise subsequent
processing, especially in the preparation of frozen-hydrated sections.
Trimming, however, was not always deemed necessary, particularly if the
“natural” surface of the specimen appeared to be small and suitable for
sectioning. This could be achieved for sheets of tissue or for small
spindle-shaped tissues by placing them on a shaped specimen stub prior
to cryoquenching. Although this was impossible to achieve for irregularly
shaped samples such as rat footpad, in which the exact location of the
sweat glands to be studied was not known, trimming was rarely
performed for reasons explained later. The manipulations involved in
section cutting and transfer were not severely impaired by using rubber
gloves, particularly when combined with the improved optical
arrangements and the on/off pedal for the microtome. The evidence
presented here does not support the view that a stable environment
cannot be achieved with the commercially available Sorvall system
cooled by intermittent gas supply (Saubermann ef 4/ 1981). What it does
indicate is that most cryochamber systems are likely to have
considerable thermal gradients within the region of the specimen. The
important points to determine are whether the knife and specimen
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temperatures are stable throughout the cutting cycle. In view of the
discrepancy between the LTC setting and the knife/specimen
temperatures, these should be monitored as close to the specimen as
possible, a point also noted by Seveus (1979) and Saubermann (1980). The
cantilever arm of the Sorvall is designed in such a way that any
thermally induced dimensional changes are likely to occur in the vertical
rather than the horizontal direction. This, combined with the stable
temperature gradient along the cantilever arm, indicates that alterations
fn section thickness are unlikely to occur through thermal expansion or
contraction of the arm. The theoretical requirements and practical
problems outlined in the introduction have been tackled. The modiffed
system is capable of maintaining a stable thermal environment and
provision has been made for the trimming of specimens under controlled
conditions. The system was then used to cryosection biological material
using, firstly, muscle as a mode! tissue and, secondly, rat footpad sweat
gland in a study of the intracellular elemental basis of sweat secretion.

46. SECTIONING PROCEDU

Small pieces of tissue (< imm®) were mounted on a smail drop of
viscous PVP within the conical tip of a brass or steel stub. Alternatively,
small, thin sheets of tissue e.g. diaphragm (4-6 mm?) were attached to
the pyramidal shaped tip of a stub with a thin film of PVP. The stubs,
with attached tissue, were rapidly cryoquenched in liquid propane using
the method of Elder ef a/(1982) and stored in LN, until required.

Before use, the microtome box was flushed with dry N, gas for
approximately 15min. A specimen stub was taken from storage in LN, and
transferred, in LN, within a polystyrene beaker (P; Fig.4.2.), to the
microtome box through port 4 (Fig.4.1.). The stub was then rapidly
transferred (<5s) to the precooled microtome head, locked in the copper
block of the trimming assembly, and held tightly in place with a clamping
screw (CS; F1g.4.2.). Trimming was performed with a precooled 4 inch
pillar file with an insulated handle (TF; Fig.4.2.). Two sides of the
specimen could be trimmed in this position and if a pyramid was required
the stub could be loosened, turned through 90° and the remaining two
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sides trimmed. The microtome head was then rapidly transferred (<Ss) to
the cryochamber and locked into place on the microtome arm. After
equilibration (Y30m1in) the specimen was manually advanced to the knife
edge and the automatic mechanical advance of the microtome arm
switched on. Sectioning was performed dry i.e. without a trough liquid,
using either a glass, a diamond or a steel knife, precooled within its ho
lder with clearance angles between 2-8°. Sections suitable for EPXMA
appeared transparent and cellophane-1like with occasional pink/green
interference colours. Such sectfons were collected either with eyelashes
on cocktail sticks or precooled dissection pins held in an insulated pin
holder and transferred to cold Formvar-coated one hole aluminium, copper
or titanium mounts placed on the shelf of the knife holder (Fig.4.3.). The
sections were flattened on the Formvar film by placing a second mount on
top of the first and gently pressing them together with a cold, polished
copper rod. The mounts were then peeled apart and the sections, on the
mounts to which they remained attached, left to freeze-dry on the knife
shelf for 3nh at 193K The temperature of the shelf was then gradually
raised to 213K over the next 30min, the mounts were transferred to a
small, precooled dessicator in the cryochamber and warmed to room
temperature over the following 60min. The dessicator was constructed
from a contact lens case (Contactasol) the upper portion of which
contained a copper mesh basket for supporting the mounts while the
lower portion contained dessicant (Molecular sieve Type 4A; BDH Ltd).
The mounts were then removed and quickly placed within a
vacuum-coating unit (Nanotech 250S) for deposition of a protective
carbon film. Coated mounts were stored in a dessicator until required.
Using this modified system freeze-dried sections were routinely cut
between 0.2 and 0.5um at temperatures between 233K and 133K

4.7. BIOLOGICAL RESULTS

Sections cut from within the “vitreous” layer, “0-10um from the
surface, showed little sign of ice crystal damage and possessed
sufficient contrast to determine morphological detail. Fig.4.10. shows a
longitudinal section of rat diaphragm cut from such a region at 193K
Although unfixed in the conventional sense and unstained it is clearly
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possible to recognise the striation pattern and associated blood
capillaries. Fig.4.11.a. shows the appearance of a section cut from deeper
within a tissue block where the cooling rate is slower and ice crystal
formation, and hence the danger of elemental redistribution, is greater.
The micrograph is from a section of rat footpad sweat gland
approximately 20um from the tissue surface where ice crystals of 0.2um
diameter were present. The spectra shown in Fig.4.11.b were recorded
using standard analysis settings (see 3.10.3.) within the regions shown.
The solid line represents a spectrum from inside a cell of the secretory
epithelium whilst the dotted line was obtained from the dense collagen
surrounding the gland.

48. DISCUSSION

The macroscopic and microscopic appearance of the sections cut at
193K using the modified system are in agreement with sections from
other workers (Seveus, 1978; McDowell ef g/ 1983). Blocks that did not
produce transparent sections were rejected. Presumably this was
indicative of poor cryoquenching, especially as it was difficult to cut
sections from deeper regions, even within well cryofixed blocks. Once
cut, the delicate sections still had to be collected from the knife edge,
transferred to the mounts and flattened to obtain good contact with the
support film. Although numerous pick-up devices have been developed,
including the electrophorus (Hodson & Marshall, 1969), eyelash probes
(Christensen, 1971), vacuum tweezers (Appleton, 1974), isopentane
droplets (Saubermann, Riley & Echlin, 1977) and electromagnetic rods
(Rick et a/ 1982) it seems, as Sjostrom & Valdré (1979) have also
reported, that in the hands of the skilled operator, the eyelash probe is as
convenient and successful as the more elaborate aids. The fine dissection
pins used in this study produced fewer static charging problems but can
easily damage the Formvar support. This problem is particularly acute
where, for X-ray microanalytical reasons (Nicholson, 1974), single hole
mounts with large areas of unsupported film are used. Similarly, the more
complex press assemblies (Seveus, 1978) have little advantage over the
copper rod method of Christensen (1971) in flattening sections, To date
the majority of electron probe X-ray microanalytical studies utilising
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cryoultramicrotomy has been performed either on isolated epithelial
tissues (Gupta & Hall, 1979; Rick ef a/ 1979) or on surface tissues with a
repeating structure e.g. muscle (Somlyo, Shuman & Somlyo, 1977; Somlyo,
Somlyo & Shuman, 1979). In both instances the specimens benefit from
excellent cryofixation and, therefore, minimal ice crystal formation with
the accompanying good sectioning properties and minimal danger of
redistribution of diffusible elements. The study of structures in regions
several 100’s of microns from a free surface is bound to be complicated
by the presence of ice crystal damage which is unavoidable with the
current methods of cryofixation. However, it is still possible to obtain
meaningful biological information from sweat glands in deeper regions,
as demonstrated in this study, if the probe diameter is kept larger than
the “ice Crystals® present and the spectra integrated from a large area.
The detection of expected Na/K ratios can act as a check on the
reliability of the method (Somlyo ez 2/ 1977) i.e. a higher Na/K ratio
extracellularly than intracellularly. In freeze-dried cryosections
extracellular measurements are generally unreliable since elements are
likely to be lost or translocated over large distances but if, as in this
instance, the structure of interest is surrounded by dense connective
tissue then such results may be of qualitative significance. This modified
system was successfully used on a routine basis to cut cryosections of
skeletal muscle and rat footpad. However, in the particular application to
the study of diffusible elements in the rat footpad sweat gland a
“targeting” problem was encountered. Over a 15 month period the success
rate in locating glandular profiles in cryosections of skin reached only
3%. The most likely reasons for this low success rate were: a) the poor
sectioning properties of the dense connective tissue which surrounds the
glands b) the difficulty in locating a small gland within a relatively
massive three-dimensional block. With no means of “targeting” the gland
prior to sectioning it was a matter of luck whether a gland was found. It
was for this reason that skin blocks were rarely trimmed, since by
reducing the area for sectioning the situation could only become worse. It
became necessary, therefore, to use a technique which allowed the glands
to be spotted prior to ultrathin sectioning without seriously
compromising the measurement of the intracellular elemental
distribution. In this instance the route chosen was to bulk freeze-dry and
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resin embed the tissue blocks and to cut 1um “survey” sections to “spot”
the glands prior to ultrathin sectioning on a dry diamond knife.
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Eig4.1  Aphotograph of the modified Sorvall uitramicrotome and
cryoattachment (FTS). The viewing microscope remains outside the
box and the controller (C) and digital thermometer (DT) were sited
upon it. The trimming device (T) is situated within the box a short
distance from the microtome. The inlet ports for the dry nitrogen
(N) and the LN, supply (R) to the reservoir for the trimming device

can be seen. The insulated inlet pipe supplying cold N, gas to the

cryochamber enters through port 5. Ports 6, 7 and 8 are fitted with
rubber gloves through which trimming (7 & 8) or section collection
(6 & 7) can be undertaken. Ports 2, 3 and 4 enable transfer of -
materials to the box and cryochamber and the controls for section
thickness can be reached through the rubber diaphragm, 1. A ninth
port enables access to the lower regions of the box. The
micromanipulator (M) used to operate the Teflon-coated glass

antiroll plate at the knife edge can be seen on the left of the
cryochamber.

Fig.42 (Left) A higher power view of the trimming device. This
consists of a polyset polyurethane plastic base (T) and copper block
(CB) cooled by thick copper braid (CU) immersed in a reservoir of
LN, (R) which is filled from the outside through inlet tube, |. The

detachable microtome head (MH) of the microtome arm has been
fitted into the copper block, which was shaped to take it, and
clamped using a copper screw (HC). The specimen on the stub (ST),
clamped using a copper screw (CS), is thus cooled by the block and
also by a jet of cold N, gas (J) played upon it. The gas is cooled by

passing it through a copper coil (C) within the LN, reservoir. Stubs
can be readily transferred from LN, in a storage cup (P) to the

microtome head using cooled forceps. Trimming is undertaken using
a cooled file with an insulated handle (TF).

Fig43. (Right) A photograph showing the interior of the
cryochamber. The baffle plate (B) can be seen. One hole mounts lie
on the shelf surrounding the knife. The temperature sensor (TS) is
situated in the chamber at the same level as the knife.






Fig.4.4 Graph illustrating the effect of different flow rates of
cold N, from the jet on the temperature of the simulated specimen

( a ), the copper baseplate ( © ) and the copper block ( @ ).
Temperature recordings were made every 30s.
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Fig45S. A diagram illustrating the levels and sites within the
cryochamber from which temperature measurements (in Table 4.1.)

were made. The thermocouple points on the microtome arm are also
shown.

[able 4.1, Table of the temperatures recorded at the nine sites
shown in Fig.46. The mean and S.D. were taken of the temperatures
recorded every 30s at each site over a 30min period.



1

A 9 7 12
4 /159410 13
B o — o— PR —— —
3 2 1
C
Thermocouple Position in chamber Temp. (K)X + s.d.
1 25mm left of knife edge 188.7 + 0.5
c 2 25mm right of knife edge 180.1 + 0.3
3 40mm to rear of 2 192.1 + 0,2
4 directly above 3 191.8 + 0.4
B 5 next to knife edge 195.4 + 0.5
6 35mm left of rear of knife holder| 200.0 + 0.1
7 directly above 5 215.8 + 0.4
A 8 directly above 6 216.9 + 0.3
9 directly above 3 221.0 + 0.2
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Eig.46 a) Recordings of the temperatures of the copper
baseplate of the microtome head (A), the simulated specimen (A),
the cutting edge of the knife (@) and the atmosphere adjacent to
the knife edge ( O ) during the cutting stroke, at a controller
setting of 193K (-80°C).

b) The temperature of the zone adjacent to the knife edge
(O) arter removal of the baffle plate from the chamber. The greater
variation in temperature illustrates the importance of the baffle
plate to the stability of the knife.
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Fig.47  Recordings of the temperatures at (upper) 233K (-40°C)
and (lower) 153K (-120°C) control settings of the copper basepliate

(a), the simulated specimen ( A ) and at the cutting edge of the
knife (@).

N
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Eig48  Recordings of the temperature of the top of the bridge
arm (A), the base of the bridge arm (A ), the top of the microtome

head (M) and the copper baseplate of the microtome head (0J), after
a th equilibration period.
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Fig49. A composite graph illustrating the changes in specimen
temperature which occur during transer of a simulated specimen
from LN, storage, through the trimming process, to the

cryochamber. Note that faster recording times were used during the
periods of transfer (every 5s).
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Fig.4.10. An electron micrograph of cryoquenched and
cryosectioned skeletal muscle (rat diaphragm) in longitudinal
section. Section cut at 200nm thickness, freeze-dried and
examined unstained. The striation pattern is clearly visible as is a°
capillary complete with endothelial cell. A = A band, | = | band,
cap = capillary, end = endothelium. (bar = 2um)
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Fig4.11a An electron micrograph of a cryoguenched,
cryosectioned, freeze-dried and unstained rat footpad sweat gland
~20um from the cryoquenched surface. Although detail and
contrast are poor spectra recorded from the sites circled show
clear extracellular/intracellular differences in elemental

composition (Fig.4.11.b.). CT = connective tissue, SC = secretory
cell, L = lumen. (bar = 2um)

Figd4.11.b.  Energy dispersive X-ray spectra from within the
secretory epithelium of rat footpad sweat gland ( ) and the
surrounding connective tissue (----- ). The low Na/K ratio, high P

and low Cl contents of the cell contrast with those of the
extracellular space.
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5.1.  INTRODUCTION

In Chapter 2 the atrichial glands of the rat footpad have been
shown morphologically to conform to the general pattern of sweating
described by Montgomery ef 4/ (1984). The fonic events underlying the
fluid transport mechanism, however, have not been well documented. The
first description of the composition of rat footpad sweat was given by
Quatrale & Laden (1968) and Brusilow ef @/ (1968) from secretions
collected on the skin surface. These groups studied the effects of
pilocarpine stimulation on the glands of anaesthetised rats / v/vo and
the most remarkable features were the hypertonicity of the sweat,
~400mosm., the high K concentration, ~160mM, and the low Na
concentration, “20-50mM. Sato & Sato (1978) induced,
pharmacologically, fluid transport in the secretory coils of rat 1solated
sweat glands and measured, with a micropuncture technique, the
concentrations of Na and K in the lumen of the gland at several points.
They found that the concentration of the two cations was not dependent
on flow rate, as in human sweat glands (Sato, 1977) and in exocrine
glands in general (Schneyer, Young & Schneyer, 1972). Moreover, the
composition of the sweat collected from the secretory coil was virtually
identical to that collected from the /7 v/ve skin surface. They concluded
from these observations that the secretory coil is the major, if not the
sole, site of K and Na secretion in the rat gland. In this respect the rat
gland 1s similar to that of the cat footpad in which the duct is believed to
have no active role. Morphological evidence to support this idea was
obtained by Matsuzawa & Kurosumi (1963) and Weschler & Fisher (1968)
who showed that the duct in the rat footpad {s short and rudimentary, as
in the cat, and undergoes no notable changes during glandular activity.
Sato (1980) attempted to determine whether the high K concentration in
rat sweat was due to passive distribution according to the
electrochemical potential gradient generated by the active transport of
other ions or whether active K transport occurs. In the isolated gland
stimulated with ACh he calculated that, based on the K* distribution and
transepithelial potential difference profile, the electrochemical gradient
for K* across the cells was ~76mV against K* movement . This suggested
that K* is either actively transported into the fumen or coupled with
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other 1ons or solutes that are actively transported. The anions
accompanying these cations have not been accurately identified or
quantitated but lactate is the dominant anion in rat sweat (Thaysen,
1978). Although it is the end product of glycolysis, lactate is distributed
against its electrochemical gradient (Sato, 1980) and may have a role in
the K secretory mechanism. Brusilow et &/ (1968) have calculated that
the large difference between the Cl concentration and the combined K and
Na concentrations in rat sweat suggests that anions other than Cl1 are
involved In fluld transport. The present study was undertaken to
determine the intracellular distribution of Na, Cl and K in the rat footpad
sweat gland before and after pilocarpine stimulation /7 v/vo to provide
information on ion transport by the glandular fundus. The duct, which
apparently plays no active role during activity, was not investigated.

5.2. MATERIALS AND METHODS

The experimental procedures involved in stimulating the rat
footpad sweat glands are described in Chapter 2. Small biocks of tissues,
”l-2mm2, from the plantar pads were rapidly cryoquenched in liquid
propane at -186°C by the method of Elder ¢f a4/ (1982) and stored in
liquid nitrogen. All specimens were freeze-dried for 3 days at -70°C
under a vacuum of 1 x 107 torr in the presence of freshly activated
molecular sieve (type 3A, BDH). After drying, they were slowly warmed to
room temperature (1°/6min) and infiltrated with a de-gassed, non-polar
resin whilst still under vacuum. The specimens were removed from the
freeze-drier, soaked in resin for a further 48h then polymerised in fresh
resin. Light microscope “survey" sections (T 1um), cut parallel to the skin
surface starting from the dermis, were used to locate suitable glandular
profiles and as an aid to identification in the unfixed and unstained
sections used for EPXMA. Sections of sweat gland were cut dry on a
diamond knife at 1200A, mounted on formvar-coated one-hole titanium
supports and carbon-coated at ~200A (Temcarb 500). Samples from
animals in the control, saline injection and one and three ptlocarpine
injection groups were analysed. Poor contrast in the sections restricted
gross morphological identification to gland profiles, secretory and
myoepithelial cells and to nuclei within these cells. Using the standard
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analysis conditions, described in Chapter 3.10.3., 10 spectra were
recorded from each of three intracellular sites within the secretory
cells: basolateral, perinuclear and juxta-luminal as shown in Fig.5.1.
The group means (n=4) and standard deviations were calculated for each
treatment and compared by analysis of variance.

5.3.  RESULTS

Analyses of variance showed that for Na, K and C1 there were no
significant differences between the 3 sites in any one gland. The thirty
spectra were subsequently treated as a homogeneous population (n=30).
For the 30 spectra from each animal any values lying outside two
standard deviations of the mean were rejected as these probably
represented spectra recorded from regions with an abnormal, local
elemental concentration. The intracellular elemental concentrations of
Na, K and Cl for each animal in the four experimental groups are shown in
Appendix 4. There was considerable variation for all elements after each
procedure, however, when the group means were calculated (Table 5.1.)
Clear differences were observed. An analysis of variance showed that the
measurements from the one and three pilocarpine injected rats
represented a single population and the data in these groups were
combined to give an estimate of Na, K and C1 in “active” glands (n=8).
These results are shown in Table.5.1. and F1g.5.2. together with the values
for the control and saline injected animals. Although there were no
significant differences between the control and saline injected rats, the
values for the latter group lay between those of the control and “active”
animals. On the basis of the morphological differences between the
control and saline injected animals noted in Chapter 2 these groups were
not combined. The secretory cells in the fundus of active glands showed a
significant (p < 0.05) rise of 139% in the intracellular [Na], a significant
(p < 0.05) fall of 38% in intracellular [K ] and a small decrease in
intracellular [C1] which was not significantly different from the control
value. With the exception of Cl, similar changes occurred between the
saline injected and “active” groups, although, because of the inter-animal
variation, only the fall in K was significant.
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3.4,  DISCUSSION

The effects of pilocarpine stimulation on the intracellular
elemental concentrations were a significant rise in [Nal, a significant
fall in [K] and no change in [CI]. These effects were more marked after one
pilocarpine injection which suggests that this may be the period of
maxtmum activity. Morphologically, the early stages of sweating were
associated with the most extreme signs of activity i.e.“ballooning” of the
apical membrane, suggesting that these two findings could be related. The
intracellular concentrations of Na and K after saline injection lay
between the control and pilocarpine values. Although not significantly
different from the control values this suggests that saline injection
causes mild activity of the gland and supports the morphological data
described in Chapter 2.

Intracytoplasmic elemental gradients have been found by
microprobe in cryosections of salt-adapted duckling sait glands (Andrews
et al, 1983), rat renal tubules (Beck ¢ 2/ 1980) and rabbit fleum (Gupta,
1979; Gupta & Hall, 1979) and in freeze-dried resin embedded sections of
pancreas (Kuijpers et g/ 1984). The failure to detect gradients in this
study could be due to several reasons: i) they do not exist, as Andrews e¢
g/ (1983) found for much of their work or if) that infiltration with resin
has led to a general redistribution of elements, washed along by the resin
front, within the cytoplasm. Ingram & Ingram (1984) have shown that,
while the extracellular elemental distribution is disturbed and unnatural
in most tissues processed by this route, the elements do not appear to
cross membrane boundaries and they claim never to have seen
intracellular elemental artefacts. This conclusion has been supported by
Ro0s & Barnard (1985; 1986) who found that, whilst subceliular
elemental distributions are perturbed by bulk freeze-drying and resin
embedding, the measurements are vaiid at the cellular level. It is
concluded, therefore, that the concentrations calculated in this thesis
represent true intracellular measurements although whether the
distribution is as it was in “1ife” cannot be confirmed.

There are several possible reasons for the variation in the
concentrations of the elements within every group of animals: 1) In
addition to biological variation between the rats all the glands may not
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respond o the same extent to the pharmacological stimulus. The
responsiveness of glands, even from the same skin region, to a given
stimulus is notoriously variable (Hayashi & Nakagawa, 1963; Thaysen,
1978) due to the differences in the periglandular conditions around each
gland (Sato, 1977). In this respect it may be significant that the variation
(as measured by the Standard Error in Table 5.1.) seems to be less in the
unstimulated control animals, where it is more likely that the glands are
at a similar level of activity, and hence of more uniform composition,
than in the experimental animals. In the future the use of isolated
glands, where the level of activity can be accurately determined prior to
cryoquenching, would greatly alleviate this problem. 2) Since unstained
sections have low contrast, it is possible that subceliular organelles, or
regions of abnormal local element concentration, were inadvertently
measured. The level of contrast in the TEM image of resin embedded
sections s comparable to that in frozen-hydrated cryosections (T.AHall,
personal communication) however, unlike the situation in frozen-hydated
sections, it is not possible to retrospectively confirm the location of the
probe by freeze-drying (Gupta & Hall, 1979; 1981). 3) During
freeze-drying it is possible that some of the Na, present in high
concentrations in the extracellular fluid, will precipitate onto the outer
surface of the basement membrane. Since it is possible that these regions
may be analysed and assumed to represent intracellular regions they will
introduce an unknown amount of variation in addition to increasing the
apparent intracellular Na concentration. Despite these problems the
intracellular concentrations calculated in the rat footpad sweat gland in
this study showed significant differences between the unstimulated and
“active” states. In addition the values calculated by this method are in
reasonable agreement with EPXMA studies of other tissues using a variety
of preparative methods (see Appendix 5). The consistently larger
intracellular values in the present study, and in all EPXMA studies, when
compared to known intracellular concentrations are due to the fact that
the technique cannot distinguish between the bound and free or ionised
and unionised forms of an element. To convert the results in Table S.1. to
more meaningful physiological values they must be muitiplied by the
appropriate activity coefficients. In the absence of any correlative
information on the rat gland these coefficients can only be estimated
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from other tissues, see Appendix 6 for appropriate information. The
estimated intracellular concentrations, based on the assumptions in
Appendix 6 and assuming 75% cell water content, are given in Table 5.2.
Using extracellular concentrations of 4mM K*, 150mM Na* and 148mM C1°
(cited in Petersen, 1972)) the equilibrium potentials across the
basolateral membrane for the three ion species are:

Ec‘ = -44mV
Ey, = *S 1MV
E, = -108mV

The physiological significance of these data will be discussed in
Chapter 7 and compared with the values calculated for the human and
horse sweat glands.
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Table 5.1. Intracellular elemental concentrations of Na, K and Cl
in the secretory coil of the rat footpad sweat gland
before and after saline and pilocarpine injection.

GROUP n Na K Cl

Control 4 49:16 211+14 44+2
Saline 4 84:26 205:16 37:6
1Pilo 4 118+ 20 12125 39:9
JPilo 4 116+ 28 140+35 38:+4

1+3Pilo 8 117+14 130:20 38¢+5

Values are the mean ¢+ S.EM. and the units are mMoles/kg dry wt..Cl
values corrected for C1 content of resin.
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Table 5.2, Estimated intracellular concentrations of Na*, K* and
cr.
Na K Ci
Control 23 224 29
1 +3Pilo 54 138 25

Values are in mM.
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ElgS. L An electron micrograph of a bulk freeze-dried, resin
embedded and unstained rat footpad sweat gland fundus dry cut on a
diamond knife at a thickness of 120nm. The areas in which EPXMA
was undertaken are shown: |- juxta-luminal, 2- perinuclear and 3--
basolateral. N= Nucleus, L= lumen and BL= basal lamina. SC =
secretory cell. (bar = 2um)
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F1g.5.2. A histogram showing the elemental concentrations
(mMoles/kg dry wt.) of Na, K and Cl (corrected for the CI content of
araldite) in the rat footpad sweat gland fundus.

Unstimulated
Saline -injected (see Chapter 2. for details) * o o
Pilocarpine stimulated % '/

Values are means + S.EM.

n= number of animals

* = significantly different from unstimulated (p < 0.05)
3% = significantly different from saline (p < 0.05)
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6.1.  INTRODUCTION

In terms of sweat composition the human atrichial sweat gland
behaves differently to the rat sweat gland. The secretory portion
produces an initial fluid of plasma-like composition which is modified
as it passes along the duct (Schulz, 1969; Sato, 1977). The ma jor site of
modification is suggested to be the coiled duct on the basis that there is
a greater concentration of Na/K ATPase than in the straight duct (Quinton
& Tormey, 1976) and sodfum and chlorine are reabsorbed in excess of
water to produce a hypotonic final sweat. As in the rat gland, the
intracellular elemental changes associated with both processes, the
primary secretion and the secondary reabsorption, are not known. Little is
known of the fonic content or the mechanism of formation of sweat in the
horse epitrichial gland except that the fluid collected at the surface has
" arelatively high K concentration, approximately 40mM (Snow é¢ 4/ 1982).
However, this gland represents an anatomically different sweat gland to
the human atrichial gland. It was, therefore, of value to compare
elemental levels after thermal stimulation in the two species. This study
was undertaken to determine the intracellular elemental distributions
and concentrations in the fundus and duct of both species before and after
thermal stimulation: 1) as part of a larger comparative study of several
species to investigate whether there are common elemental changes
during activity that parallel the common ultrastructural changes found by
Montgomery ef @/ (1984) after stimulation and ii) as a basis for a study
of the mechanism bf action of aluminium-containing antiperspirants on
the human gland. Although the human gland is composed of three distinct
regions; the fundus, the coiled duct and the straight duct, because of
difficulties in identifying coiled duct profiles in unstained sections, only
the fundus and straight duct were analysed.

6.2.  METHODS
6.2.1. Human

Twelve healthy adult male volunteers, 20-30 years of age, were
placed in a climatic room controiled at 40°C; 50% relative humidity. The
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cutaneous evaporative 10ss from an area of the back was continuously
monitored using a ventilated capsule and humidity measuring system
(Humitec). The onset of sweating was also assessed by applying a
starch/iodine solution to the contralateral side of the back. Skin samples
(4mm diameter) were taken by biopsy using a high speed punch, without
anaesthetic, at three times: i) prior to entry into the climatic room; these

samples were used as controls, 1) at the onset of sweating and i11) 3-4h
after sweating had started.

6.2.2. ors

The experiments were performed on two Shetland mares and two
Shetland geldings which received a normal equine diet and had access to
grazing. They were exposed to an environment of 40°C and S0% relative
humidity in a climatic chamber for 6h and the cutaneous evaporative 10ss
was measured as desribed by Montgomery ez 2/ (1982). Skin samples
(4mm diameter) were obtained by high speed biopsy punch at 4 times: 1)
before entering the climatic chamber, ii) at the onset of sweating, iii)
after 4h exposure to heat and iv) 24h after entering the chamber.

For both species the samples were quartered longitudinally and
rapidly cryoquenched in liquid Freon 22 (Elder ef 2/ 1982) and bulk
freeze-dried and embedded in resin as described in Chapter 5.2. Ultrathin
sections were cut dry, carbon-coated and analysed at room temperature
in the modified specimen stage under standard conditions (Chapter
3.10.3.). The regions analysed were identical to those studied in the rat
sweat gland (Chapter 5) i.e. “10 spectra were recorded from each of the
juxta-luminal, perinuclear and basolateral regions for both the duct and
fundus (Fi1gs.6.1. & 6.2.). The intracellular concentrations in the control
and stimulated glands were compared by an analysis of variance.
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6.3. RESULTS
6.3.1. Human

Analysis of vartance showed that there were no consistent
significant differences between the measurements at the three sites
within each duct or fundus and the values (*30) were treated as a
homogeneous population (similar to the situation in the rat). Analysis of
variance also showed that the data for each element in glands from
biopsies ii) and 1ii) were not significantly different and the mean of
these two values was taken as representative of “active” glands. The
unstimulated and “active” mean values of the three elements for each
individual are shown in Appendix 7. However, the variability between
subjects, particularly for stimulated glands, is still obvious and was as
much as 3-fold (Subjects 1 and 5 for Na in the “active” fundus). The
combined group means and S.EM. (Table 6.1. and Fig.6.3.) show the effects
of thermal stimulation more clearly.

In the fundus, activity caused a 34% fall in K and a 52% elevation in
Na both of which were significantly different from the control value
( p < 0.05) and a small rise in Cl which was not significantly different.
In the duct there were no significant changes in Na, K or C1 (Fig.6.4)
Attempts to quantify Ca were largely unsuccessful due to the very low
peak/background ratios and the difficulty in deconvoluting the small Ca
peak. In the fundus Ca was only detected on 20 occasions in total and
there was no increase in detection frequency after stimulation. In 73% of
the instances that Ca was detected it was found in the apical region of
the cytoplasm and the concentration ranged from 14mM at rest to 18mM
during activity in the apical portion and from 2-8mM in the rest of the
cell. In the duct Ca could not be detected either before or after

stimulation.

6.3.2. Horse

As in both other species studied there were no intracellular
elemental gradfents and the 30 spectra from each profile were regarded
as one group. Similarly, analysis of variance showed that the
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concentrations from biopsies 1) and iv) represented a single population as
did those from biopsies ii) and iii). These values were pooled to give
estimates of unstimulated and “active” glands respectively. The means
for Na, K'and C1 of each horse in the control and "active" groups are shown
in Appendix 8. The combined group means for Na, K and Cl are shown in
Table 6.2. and Fig.6.5.

In the horse fundus, stimulation caused rises in intracellular Na
(58%) and CI (44%) and a fall in K (16%) all of which were significantly
different from the control concentrations ( p < 0.05). In the duct, thermal
stimulation caused a significant (p < 0.05) increase in intracellular Cl of
62%. Although the Na and K values in the “active” ducts were not
significantly different from control values there was a 42% increase in
the former and a 40% decrease in the latter.

6.4. DISCUSSION

The effects of thermal stimulation on the intracellular elemental
concentrations in the fundus of the human atrichial sweat gland were a
fall in K, arise in Na and no significant change in Cl. In the duct, activity
had no measureable effect on the intracellular concentrations of the
three elements. In the fundus of the horse epitrichial sweat gland the
intracellular elemental changes found after stimulation were basically
the same as in the human fundus i.e. an increase in Na and a fall in K and,
in this species, a rise in Cl. In the horse duct stimulation produced the
same changes as were found in the fundus, although the small sample size
and variability of the results prevented some of these changes reaching
significance. In addition to the sources of variability discussed for the
rat gland (Chapter 5), which are equally applicable to the human and the
horse, the presence of two secretory cell types in the fundus, which could
not be distinguished in the unstained sections and which may have
separate functions and, therefore, may also have different elemental
contents, will add further variation to the results.

when compared to the results from the rat study (Chapter 5), and
with the known intracellular elemental composition obtained by other
methods, the data for Na and C1 in the human and horse are high. The
reason for these discrepancies is unknown; the data were calculated
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using identical NaCl crystal standards as were used in the rat study.
Unfortunately, time did not permit the re-analysis of the spectra with
alternative standards e.g. aminoplastic (Roos & Barnard, 1986) or
albumin (Rick ef g/ 1982) standards. These discrepancies, between the
calculated and “expected” values, render of little value the calculation of
cellular parameters such as the resting membrane potential. However, the
major objective of this work was to calculate the elemental changes
within the sweat gland after activation and this is in no way impaired by
the discrepancies, since the results from both unstimulated and “active”
glands were obtained in an identical manner. The data for the horse and
human will be discussed together with the rat data in Chapter 7.
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Table 6.1, Intracellular elemental concentrations of Na, K and Cl

in the fundus (A) and duct (B) of the human atrichial
sweat gland before and after thermal stimulation.

A) Fundus

Element Control Active
Na (n=8) 151+23 (n=11) 229+ 14
K (n=8) 159+ 11 (n=11) 112+ 13
Cl (n=8) 11013  (n=11) 114+ 12

B) Duct

Element Control Active
Na (n=6) 256 + 38 (n=6) 27133
K (n=6) 103+ 24 (n=6) 858
Cl (n=6) 1009 (n=6) 9616

values are means +/- S.EM. and the units are mMoles/kg dry wt.
Corrected for the Cl content of the resin.
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Table 62. Intracellular elemental concentrations of Na, K and C]
in the fundus (A) and duct (B) of the horse epitrichial
sweat gland before and after thermal stimulation.

A) Fundus

Element Control Active
Na (n=3) 1519 (n=4) 238+ 19

K (n=3) 198+9 (n=4) 167+ 2

Cl (n=3) 71+3 (n=4) 102+9

B) Duct

Element Control Active
Na (n=4) 204+ 32 (n=4) 290+ 26
K (n=4) 145+ 22 (n=4) 8713
Cl (n=4) 664 (n=4) 107+ 11

Values are means + S.EM. and the units are mMoles/kg dry wt..
Corrected for the Cl content of the resin.
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Eig6.1. An electron micrograph of a bulk freeze-dried resin
embedded and unstained human atrichial sweat gland fundus dry cut
on a diamond knife at a thickness of 120nm. Nuclei (N), a
myoepithelial cell (Myo) and the luminal space can be identified.
However, as in the rat study, there is insufficient detail to analyse
regions other than 1) juxta-luminal, 2) perinuclear and 3)
basolateral. SC = secretory cell. (bar = 4um)

b






Fig6.2. An electron micrograph of a typical bulk freeze-dried
resin embedded and unstained human atrichial sweat gland duct,

again the regions analysed were 1) juxta-luminal, 2) perinuclear
and 3) basolateral. DC = duct cell. (bar = 4um )
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Fig6.3. A histogram showing the elemental concentrations
(mMoles/kg dry wt. corrected for mass loss) of Na, K and Ci
(corrected for C1 content of araldite) in the secretory cells of the
human atrichial sweat gland fundus.

Unstimulated

Stimulated %

/

Values are means + SEM.
n= number of individuals
v = significantly different from unstimulated (p < 0.05)
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Fig6.4 A histogram showing the elemental concentrations
(mMoles/kg dry wt. corrected for mass loss) of Na, K and Cl

(corrected for Cl1 content of araldite) in the cells of the human
atrichial sweat gland straight duct.

Unstimulated

Stimulated /

Z

Values are means + SEM.
n= number of individuals
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Eig.6.5. A histogram showing the elemental concentrations
(mMoles/kg dry wt. corrected for mass loss) of Na, K and Ci
(corrected for Cl content of araldite) in the secretory cells of the
horse epitrichial sweat gland fundus.

Unstimulated

Stimulated %

Values are means + S.EM.
n= number of individuals
¥* = significantly different from unstimulated (p < 0.05)
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F1g.6.6. A histogram showing the elemental concentrations
(mMoles/kg dry wt. corrected for mass loss) of Na, K and Cl
(corrected for Cl content of araldite) in the cells of the horse
epitrichial sweat gland straight duct.

Unstimulated

Stimulated % /

Values are means + S.EM.
n=number of individuals

Y = significantly different from unstimulated (p < 0.05)
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CHAPTER 7 GENERAL DISCUSSION.
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7.1.  GENERAL DISCUSSION

The study of the elemental changes in sweat glands during activity
with EPXMA has the advantage over electrophysiological and biochemical
methods in that it is possible to accurately measure the elemental
concentration with a high degree of spatial resolution. The disadvantage
of the method, however, is that with freeze-dried specimens reliable
measurements can only be obtained from intracellular locations. In the
funduses of the three species studied the common features of glandular
activation were, a significant increase in intracellular Na and decrease in
intracellular K. In the horse fundus there was also a significant rise in Cl
although in the rat and human there were no significant changes in Cl.

In general, the effect of a stimulant on a cell is to increase the
permeability of the membrane to one or more ions which have an
equiltbrium potential different from the resting membrane potential
(RMP) resulting in a membrane potential change (secretory potential)
(Petersen, 1976). In salivary glands this secretory potential result is
normally a hyperpolarisation although in the rat and rabbit (Nishiyama &
Kagayama, 1973) and mouse (Petersen, 1973) submaxillary glands the
effect of stimulation on the membrane potential depends on the
magnitude of the RMP. If the RMP is -S0mV or greater the secretory
potential is a depolarisation and if the RMP is less than -50mV then the
membrane hyperpolarises in response to stimulation. Jones & Kealey
(1985) found that-the RMP across the basement membrane of the human
sweat gland fundus responded to stimulation with ACh in a manner
similar to the mouse and cat submaxiliary giand i.e. depending on the RMP
there was either a depolarisation or a hyperpolarisation. In the rat
however, Sato (1980) found that ACh stimulation only caused a
depolarisation of “20mV across the basal membrane.

It is unrealistic to estimate, from the current data, electrical
parameters of the glandular cells in efther the horse or human fundus in
view of the discrepancies between known intracellular concentrations
and those calculated in this thesis. In the rat, however, using the values
for Na*, K* and C1” shown in Table 5.2. and assuming that the permeability
of the basement membrane of the fundus to these fons is the same as in
skeletal muscle, then the RMP across the basolateral membrane,
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Calculated by the Goldman equation, 1S -63mV. This 15 in agreement with
the -60mV to -80mV range found by Sato (1979) across the same
membrane. Similar values have been found in the human fundus (Jones &
Kealey, 1983). The electrical effects of stimulation are the result of the
movement of ions across the cell membrane. At the ionic level the 10ss of
cellular K has been found in a number of secretory tissues after
stimulation (Burgen, 1956; Darke & Smaje, 1972; Schneyer, 1975) and
there is little doubt that the secretory potentials, whether depolarising
or hyperpolarising, are always associated with a decrease in resistance
of the basal cell membrane. The hyperpolarisation is therefore likely to
be caused by the efflux of K* as determined by the electrochemical
gradient. This effect will undoubtedly be modified by changes In the
sodium permeability occurring concomitantly with the K™ efflux leading
to Na* influx, which 1f greater than the K* efflux w1ll produce a
depolarisation. In the rat fundus, assuming a RMP of -63mV and the
equilibrium potentials given in Chapter S (Eq :-44mV, £ -108mV, £
+51mV) it is clear that the RMP is close to the equilibrium potential of
CI. This is not inconsistent with the passive distribution of C1” across
the basal membrane according to the electrochemical gradients of the
other ions, as in skeletal muscle (Boyle & Conway,1941) and salivary
glands (Petersen, 1976). There are, however, large electrochemical
gradients for both K™ efflux and Na* influx. In the unstimulated cell these
gradients are probably maintained by an energy requiring mechanism, i .e.
Na/K ATPase, that extrudes Na* and accumulates K* (Petersen, 1972).
The changes in the intracellular elemental concentrations, induced
by stimulation, calculated in this study i.e. a decrease in K and increase
in Na, are, therefore, consistent with the theory that the initial change
after stimulation is an increase in the cation conductance of the
basolateral membrane. The intracellular Cl increased in the horse sweat
gland fundus and this is consistent with the theory that there is a Na/Cl
cotransport system located in the basolateral membrane as in the
intestine (Shorofsky, Field & Fozzard, 1982), trachea (Shorofsky ef a/
1982; Welsh e¢ a/ 1982) and the shark rectal gland (Silva ef a/ 1977) and
that C1” is accumulated in the cell against its electrochemical gradient
coupled to the influx of Na* down its electrochemical gradient. Although

i

the intracellular Cl did not increase in the human or rat funduses it is
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still possible that a Cl” cotransport system is involved in secretion. Two
systems will be described to account for the changes in the intracellular
elemental levels in the funduses of the three specles studied. In the
human and horse, which produce isotonic and plasma-like primary
secretions, the effects of thermal stimulation can be explained with
reference to work on other secretory systems. In the salivary gland there
are K" selective channels localised in the basolateral membrane and a
non-selective cation channel has been postulated in the same membrane
(Petersen & Maruyama, 1984). In mouse and rat pancreatic acinar cells
there are non-selective cation channels (Petersen & Singh, 1985) and in
pig pancreatic acinar cells a similar model has been proposed (Pearson,
Flanagan & Petersen, 1984). Both these channels, the K™ selective and the
non-selective cation, are Ca*™* activated and the sequence after
agonist/receptor interaction is thought to involve an increase in
intracellular Ca** (Chapter 1) which opens the channels and leads to a
depolarisation or a hyperpolarisation depending on the RMP and the
individual equilibrium potentials. It seems likely that a similar system
operates in the human atrichial and horse epitrichial sweat glands both of
which lose potassium after stimulation. The increased concentration of
K* in the vicinity of the basolateral membrane and in the narrow
intercellular clefts is recycled back into the cell by a cotransport with
Na* and Ci™ (the ratio is thought to be 2C1/K/Na to maintain
electroneutrality). The operatfon of such a cotransport system would
explain the elevated intracellular Na and Ci seen in the horse sweat gland.
The operation of this cotransport system is dependent on the existence of
the Na* electrochemical gradient and ultimately on the action of the
Na/K ATPase, which would explain the inhibitory effect of ouabain on
sweat formation. This theoretical model for the effects of stimulation on
human and horse gland is shown in Fig.7.1.

The failure to detect any significant intracellular Ca may seem to
be evidence against the involvement of Ca* in the process. However,
Petersen (1984) suggested that the increase in Ca’* necessary to activate
the K* channels may be from SOnM to 100-200nM which is below the
level of detection in bulk freeze-dried resin embedded sections. This
preparative route has also been found"unsuitable for Ca"™" measurement in
rat exocrine pancreas (Roos & Barnard, 1984). The Ca detected in the
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present study is probably associated with the secretory granules which
have been found to accumulate Ca in the pancreas (Roomans ef g/ 1982,
Roos & Barnard, 1984).

The effects at the luminal membrane of secretory epithelia have
not been as extensively studied as the effects at the basolateral
membrane and are difficult to assess in the presence of low resistance
shunt pathways between the cells. The secretion of C1” across the
luminal membrane in trachea and intestine (Shorofsky et @/ 1982), after
it has been accumulated against its electrochemical gradient in the cell
via a Na/Cl transport system, is thought to occur through specific ion
conductance pathways for C17, which are also Ca**- activated.
Secretagogues stimulate CI” secretion in these tissues by increasing the
luminal membrane permeability to CI” which then diffuses passively from
the cell to the lumen. Petersen (1984) and Petersen & Maruyama (1984)
have pointed out that such a luminal CI” conductance pathway is not
incompatible with the model proposed in Fig.7.1. and the increased Cl,
detected by EPXMA in the horse, may be expelled into the lumen by such a
pathway.

In the rat fundus, although the elemental changes are simflar to
those found in the human, this epithelium produces a hypertonic and high
K primary secretion that s markedly different from that found in the
horse or human. It seems unlikely that the model proposed for the other
two species can explain the secretory mechanism in the rat. The rat
fundus does not, therefore, appear to behave as a ciassical “leaky”
epithelium, most of which produce isotonic fluids (Fromter & Diamond,
1972) with a composition similar to plasma, and presumably this reflects
differencies in the properties of the paracellular pathways. However, this
portion of the rat gland exhibits an ultrastructural change during
stimulation that is unique among the sweat gland funduses of the species
studied to date i.e. the extreme “ballooning” of the apical membrane. Sato
(1980) speculated that some of the K-rich cytoplasmic water {s expelled
from the cell into the lumen by some exocytotic mechanism to produce a
high K sweat. The model put forward to explain the current data
concerning the effects of stimulation in the rat fundus is based on the
assumption that the paracellular pathway is either impermeable, or has a
greatly reduced permeability, to ions and water than in epithelia normally
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regarded as “leaky”. After stimulation, the fonic events (K efflux and Na
influx) are initially responsible for creating a hypertonic cytoplasm.
Water then enters the cell across the basolateral membrane in an attempt
Lo equilibrate this solution. This results in an increased intracellular
volume which ultimately leads to the filtering of the cytoplasm through
the terminal web and the expansion of the apical membrane. If the apical
membrane separates from the cell before isotonicity is reached the fluid
1t contains will be both hypertonic and high in K i.e. comparable to the
final sweat product.

In the duct of the horse gland, intracellular elemental changes
accompanfed stimulatton/secretion and these were similar to the changes
found in the fundus. There is little information on the ductal function of
the equine gland although Montgomery e¢ g/ (1982) found few
morphological evidence of activity after thermal stimulation. The coiled
duct and, to a much lesser extent, the straight duct of the human gland
are thought to be sites of Na and Cl reabsorption and the data for the
horse duct are consistent with a similar role. In such a membrane the
effects of stimulation are an increase in membrane conductance to Na*
(Welsh et 2/ 1982) and the entry of Na* across the luminal membrane
down its electrochemical gradient followed by its extrusion across the
basolateral membrane. However, horse sweat is slightly hypertonic to
plasma and has a (K] of 40-50 mM (Snow e¢ @/ 1982) and this indicates
that the duct may perform a more complex function. The fall in
intracellular K in the active duct suggests that this may be the site of K
secretion, as in the rat submandibular gland (Schneyer, 1969), although
the mechanism remains unciear.

In the human duct the fact that there were no significant changes
in the intracellular concentrations of Na, K and C1 provides strong
evidence that this region of the gland does not perform an important
reabsorptive function. Based on the distribution and density of Na/K
ATPase it has been suggested that the coiled duct is the major site of
reabsorption and this is borne out by the results presented here. The
variability in the intracellular elemental concentration prevented many
of the changes found after stimulation reaching significance. Biological
variation is undoubtedly partly responsible, however, the greatest source
of variability lies in the sampling technique used to obtain glands. The
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skin samples were taken from regtons in which sweating was definitely
occurring and this was confirmed by positive starch/iodine reactions
and/or increased cutaneous evaporative 10ss. However, in view of the
known differences in responsiveness of glands to stimulation, even
within the same region, it is unlikely that all glands within the sample
will be at the same stage of activity and will, therefore, have different
elemental concentrations. The use of isolated gland, which can now be
obtained without pretreatment (Lee, Jones & Kealey, 1984), would greatly
alleviate this problem since the degree of activity of the glands could be
more accurately controllied and measured. The use of isolated glands
would also overcome the targeting problems encountered in preparing
cryosections of skin as described in Chapter 4. The combination of
isolated glands and cryosections, particularly frozen-hydrated sections,
will provide a great deal more information concerning the secretory
process since 1t would then be possible to measure the concentrations in
fluid filled and extracellular spaces and to relate these to the
intracellular changes that have been reported in this thesis.
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Fig7.1 Simplified diagram to account for the effects of
adrenergic (x and ) and cholinergic agonists on the secretory cells
in the fundus of the human atrichial and horse epitrichial sweat
glands. Occupation of the B receptor by an agonist stimulates
adenylate cyclase within the membrane and there is an increase in
the intracellular cAMP concentration. The consequence of the
elevated CAMP is an increase in intracellular Ca™ from
intracellutar reservoirs. Similarly, stimulation of the @ and ACh
receptors leads to an increase in Ca**. The increased Ca**, produced
by any of the agonists, opens Ca-activated K* selective channels
and Ca-activated non-selective cation channels in the basolateral
membrane, resulting in an efflux of K* and an influx of Na*. The K*
released into the intercellular clefts is recycled back into the cell,
partly by a Na, K & Cl cotransport system and partly by an
energy-requiring Na/K ATPase, both of which are located in the
basolateral membranes. The cotransport is probably electroneutral
with a stoichiometry of INa, 1K and 2C1. At the luminal membrane
it has been proposed that the elevated internal Ca** stimulates a

Ca™-activated CI” channel.  (Adapted from Petersen & Maruyama,
1984)
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8.1.  INTRODUCTION

The inhibition of sweating is important in several clinical
conditions including hyperhidrosis (excessive sweating, Shelley & Hurley,
1973) and some forms of athelete’s foot (Leyden & Kligman, 1975) and is
als0 an important feature of commercially available antiperspirants. The
extensive 11st of the agents that have been used to inhibit sweating
(Shelley & Hurley, 1975) fall broadly into two groups: the
anti-cholinergic agents and the metal salts. The mechanism of action of
the first group, which are unstable and may produce systemic side
effects, can be easily explained on the basis of their interference with
the nervous control of the gland at the nerve endings, however, the site
and mechanism of actfon of the metal salts have not been conclusively
established.

[t has been known since 1916 (Stillians) that aluminium chloride
hexahydrate effectively inhibits atrichial (eccrine) glands and, despite
many attempts to improve the efficacy of the original solution, it
remains the most effective and is still the preferred sofution in the
clinical treatment of certain sweating disorders (Scholes ef a4/ 1978;
Quinton, 1983; Holzle & Braun-Faico, 1984). The irritancy and acidity of
this solutfon made it impractical as a commerctal antiperspirant for
daily use and Shelley & Hurley (1975) list over 44 aluminium compounds
that have been developed as topfcal antiperspirants, however, most
research has been-towards consumer acceptance rather than
antiperspirant efficacy (Shelley & Hurley, 1975). In the 1940's the
chlorhydrated compounds were found to be less problematic, although
also less effective, and today two aluminfum based compounds,
aluminium chlorohydrate (ACH) and the aluminium zirconium
chlorohydrate glycine complexes ( AZAP) are widely marketed as

antiperspirants (Quatrale ef 4/ 1981b).
The recognition of the site of action Is a prime requirement in

explaining the mechanism of action and there are three sites where an
effect may occur: 1) the fundus (secretory coll), either by interference
with the transmission of nerve impulses to the gland, as for the
anti-cholinergic agents, or by interfering with the secretory processes,
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1) the reabsorptive duct - possibly by making it leakier to water and/or
111} the terminal duct portion in the epidermis, by forming an obstructive
plug.

8.1.1. Action on the Secretory Coil

To date there fs no evidence of an action on the secretory cofl.
Blank, Jones & Gould (1958) applied concentrated aluminium solutions to
excised skin and could find no aluminium in the dermis with chemical
analysis. Lyons & Klatz (1958 ) have shown that aluminium salts bind to
human keratinous material, probably to the COOH groups (Shelley &
Hurley, 1975), and penetration into the skin is slow. Aluminium has never
been observed histologically in the vicinity of the fundus (Quatrale ef a/
1981b) and Papa & Kligman, (1967) found that glycogen depletion, a
normal sign of glandular activity, occurred in both the duct and the fundus
of glands treated with aluminium and concluded that normal glandular
function was not impaired.

8.1.2. Action on the Reabsorptive Duct

An increased permeability of the reabsorptive duct to water was
the theory put forward by Papa & Kiigman, (1967) to explain their results.
In addition to finding evidence of normal glandular function (glycogen
depletion) they found that adhesive tape stripping, which restores
sweating in cases of miliaria (due to high level ductal blockage; Papa &
Kligman, 1966), did not restore sweating to skin made anhidrotic with
aluminium salts. They did find an inflammatory infiltration around the
duct at the level of the epidermis/dermis junction and took this as
evidence that the duct was damaged and that this led to water
reabsorption and explained the anhidrotic effect. However, in a TEM study
of ACH and AZAP treated glands Quatrale ef a/(1981a & b) could not
repeat these findings and reported that the morphoiogical appearance of
glands after ACH was identical to that fn untreated skin and hence the
leaky hose theory has not been universally accepted.

-112-



8.1.3. Action on the Terminal Duct

There are equally conflicting data concerning the third possible
site. Shelley & Hurley (1975), Gordon & Maibach (1968) and Papa &

Kligman (1967) all failed to restore sweating after tape stripping and 1t
was concluded that If a blockage Is present it is below the level of the
stratum corneum. However, Sulzberger, Zak & Herrman (1949) failed to
detect any such blockage. More recently, Quatrale e /(1981a & b)
showed that stripping restored sweating to ~50% of the glands made
anhidrotic by ACH. It seems likely, as shown by Reller & Luedders (1977),
that the blockage can occur as deep as the intradermal duct or as high as
the stratum corneum and that this may depend on the nature of the
compound. Lansdown (1973) detected aluminfum from aluminium chloride
but not aluminium from ACH and Quatrale et a/(1981c¢) showed that the
blockage formed by ACH occured at a deeper level than that associated
with AZAP. With both compounds, ACH and AZAP, Quatrale ef4/(1981c¢c)
found histological and electron microscopical evidence that they formed
an amorphous aluminium-containing electron-opaque mass, predominantly
in the stratum corneum but also as deep as the intraepidermal duct at

the stratum granulosum layer. Finally, Holzle & Braun-Falco (1984), in a
long term study (6-40 months) of the effects of aluminfum chloride
hexahydrate on the human axilla, concluded that inhibition of sweating
was due to a blockage In the distal acrosyringium and that this may
eventually lead to atrophy of the secretory coil.

The effects of ACH and aluminium compounds on the epitrichial
(apocrine) glands of the axilia, the normal site of application of topical
antiperspirants, have not been extensively studied and the results are
difficult to interpret since this region contains both atrichial and
epitrichial glands. Thus, Rees-Jones & Jenkinson (1978) found neither an
antiperspirant effect nor morphological changes induced by aluminium on
the epitrichial glands of cattle, whilst Majors & Wild (1974) found a 39%
reduction in axillary sweating with ACH. It seems likely, as Rees-Jones &
Jenkinson (1978) suggested, that the ACH antiperspirant effect is
restricted to atrichial glands, a fact which is supported by the finding
that only atrichial glands are affected by treatment of the axilla with
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antiperspirants. This would be consistent with an upper ductal blockage
mechanism since the tightly spiralling atrichial duct should be easier to
block than the duct of the epitrichial gland which opens into the hair
canal.

This study was therefore performed on the atrichial sweat glands
from the human back to try to identify the glandular site and possible
mechanism of action of aluminium-containing antiperspirants. The bases
for this study were the comparisons of the morphological changes and of
the elemental concentrations within the duct and fundus of sweat glands
from skin treated with aluminium-containing antiperspirants with glands
from untreated skin, both before and after thermal stimulation. In
addition, EPXMA can be used to identify the composition of any “blockage”
that might be present.

A preliminary study was also performed on the rat footpad sweat
gland to determine the depth of penetration and spread of aluminium,
from a commercially available antiperspirant, into the skin, using a
freeze-substitution method.

8.2. MATERIALS AND METHODS
8.2.1. Preli

See Appendix 9 for details of materials and methods.

8.2.2. Human Study

Two areas of skin, each 10 x 15cm, situated between the waist
and scapula and S5cm from the mid-dorsal line (Fig.8.1.) were delineated
on a total of nine male volunteers aged between 20-30 years.

On five of the subjects, 2m1 of a 15% ¥/, aqueous aluminium
zirconium tetrachlorhydrate complex (Rezal 36) was applied to both areas
on six occasions over four days as shown below:

Day1 Day2 Day3 Day4

am. am. am.am.
pm.  pm
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The solution was applied to the other four subjects on five
occasions over two days, three times on the first day and twice on day of
the experiment. The aqueous solution of antiperspirant was applied to the
prescribed areas of skin from a syringe, spread uniformly with a soft
paint brush and allowed to partially dry. Repetition of this procedure
allowed the application of 2ml of the solution over a period of 10-15Smin.
These areas were not washed during the experimental perfod. The final
application was made 45min before transferring the subjects to a
controlled environment of 40°C;50% relative humidity in a climatic room.
In the intervening period all subjects rested in a room at 16°C.
Cutaneous evaporative 10ss was continuously monitored from an adjacent
untreated area on the back using a ventilated capsule and humidity
measuring system (Humitec). A skin sample (4 mm diameter) was taken
from one of the treated areas by biopsy without anaesthetic using a high
speed punch before, at the onset of and 3h after sweating occurred on the
monitored untreated area. The sweating response on the other treated
area was assessed using a starch/iodine mixture. Skin samples from the
twelve adult males described in Chapter 6, who had not been given
antiperspirant treatment but were otherwise treated identically, served
as control tissues. After biopsy, the samples were divided and processed
for EPXMA or conventional transmission electron microscopy as
described in Chapters 3 and 2 respectively.

For conventional TEM the glands were cut sequentially at S0um
intervals from the epidermis towards the fundus in the deep dermis. The
EPXMA was performed as described previously in Chapter 6 and the values
in mMoles/kg dry wt. were calculated with corrections applied for mass
1055 and for the chlorine content of the resin. Statistical comparisons
with glands from untreated skin were performed by an analysis of
variance.

8.3. RESULTS
8.3.1. Rat Study

See Appendix 10 for results.

-115-



8.3.2. Human Study

8.3.2.a. Sweat Output

The antiperspirant treated areas exhibited randomly distributed
positive starch/iodine reactions within 20-30min of entering the
climatic room. By 45min the sweating response was widespread
throughout these areas. With reference to the sweating response on the
untreated areas it was clear that sweating did not occur simultaneously
on both areas but had been slightly delayed in the treated areas.

8.3.2.b. Ultrastructure

i) Eundus The ultrastructural appearance of the fundus of
unstimulated glands from antiperspirant treated skin (Fig.8.2.) was
indistinguishable from that of untreated skin, although the lumen was
often narrow in treated glands. The myoepithelial cetls and both the
granular and non-granular secretory cells appeared normal. Canalicult
were seen between adjacent non-granular cells and the junctional
complexes between cells were intact.

Thermal stimulation induced identical changes in the fundus of
glands from both treated and untreated skin. In the early stages of
sweating (Fig.8.3.) there was evidence of loss of granules from the
granular cells, marked dilatation of the spaces between non-granular
cells, contraction of the myoepithelial cells and cellular debris was
occasionally seen in the lumen. After 3h of continuous sweating (Fig.8.4)
the degranulation was more pronounced and atretic secretory cells were
seen in some instances.

ii) Duct  Electron microscopy of the ducts of unstimulated glands from
treated skin revealed an obstructive electron-opague mass within the
keratinised lining of the duct in the outer epidermis (Fig.8.5). Similar
obstructions were never seen in untreated ducts. Electron probe X-ray
microanalysis of the obstructions reveaied the presence of aluminiurm
(Fig.8.6.) and although aluminium was occasionally present In fower



concentrations SOum deeper In the duct 1t was not detected In the
Intradermal duct at any level. Within the intraepidermal region the only
noticeable effect of antiperspirant treatment was a narrowing of the
Tumen (Fig.8.7.).

At the onset of sweating some ducts in the upper epidermis were
still blocked. However, ducts in sections from deeper in the epidermis and
just beneath it had an appearance that was identical to those of untreated
glands after thermal stimulation (Fig.8.8.). The lumen was enlarged and
full of a colloidal material and there was dilatation of the spaces
between the cells within the duct wall. After 3h of heat exposure there
was no evidence of ductal obstruction (Fig.8.9.) and the ducts were
indistinguishable from those in treated skin.

8.3.2.c. Intracellular elemental concentrations

1) Eundus The elemental concentrations in the secretory epithelium of
the fundus at rest and after thermal stimulation are shown in Table 8.1,
for antiperspirant treated glands, and in Fig.8.10. for glands from both
antiperspirant treated and untreated glands (the values calculated for the
glands in Chapter 6 were used as the untreated controls). Stimulation
produced no significant changes in the intracellular levels of Na, K and Cl
in the treated glands. Aluminium itself was never detected in spectra
recorded from the fundus.

1) Duct Inthe duct, Table 8.2. and Fig.8.11., stimulation caused falls in
Na (53%) and C1 (52%) and a rise in K (169%) in glands after
antiperspirant treatment. Compared to untreated glands the level of Na in
the treated glands was significantly lower after stimulation. Again
aluminium was not detected in any of these spectra. |
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8.4 DISCUSSION

8.4.1. Rat

Application of both substances resulted in the formation of an
electron-opaque layer, rich in aluminium, which appeared to be restricted
to the outer 2um of the stratum corneum. This precipitate was also
detected within the ducts of the sweat glands in this surface zone after
treatment with the aluminium chlorhydrate solution. Aluminium was also
present in the lumen of the duct after treatment with “Body Mist”,
although clear evidence of a precipitate in the duct was not obtained. The
precipitate, however, was apparently absent from the stratum corneum in
the vicinity of the sweat gland ducts. The evidence thus supports the
view that ductal blockage occurs after treatment with aluminium salts.

The presence of aluminium within the duct traversing the lving
epidermis suggests that the precipitate may well extend to this depth,
although this is not immediately visible. The results also indicate the
presence of aluminium within the dermis and within the duct and fundus
in this regfon although it was present only in some instances and then
only in trace amounts. However, the nature of the preparative method is
such that a considerable amount of aluminium may have been lost and the
possibility of an action of aluminium on the fundus cannot be completely
eliminated.

8.4.2. Human

The results confirm the earlier findings (Reller & Luedders, 1977,
Holzle & Kligman, 1979; Quatrale et @/ 1981b & ¢) that the short-term
topical treatment with aluminium salts produces an
aluminium-containing obstruction in the duct of the human atrichial
sweat gland within the upper epidermis, particularly the stratum
corneum. This treatment also caused a constriction of the lumen of both
the fundus and duct. The normal ductal response to thermal stimulation
did not appear to be affected by the treatment since heat exposure
resulted in ultrastructural changes which were indistinguishable from
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those which occur during sweating in the untreated duct. Apart from the
constriction of the lumen at rest, the ultrastructural appearance of the
fundus after antiperspirant treatment was also similar to untreated
glands, both before and after stimulation.

The Intracellular elemental changes in the fundus and duct suggest
that the application of aluminium-containing antiperspirants has an
effect in both regions. At rest, comparing the glands from both treated
and untreated skin, there were no significantdifferences in Na, K or ClI.
However, after stimulation there were marked differences in the
response of the glands in the two groups. Although the small sample size
of the treated group necessitates the use of caution in reaching firm
conclusions it is clear that the funduses of these glands show no
alteration in intracellular concentration of the three elements measured.
In the untreated controls there was a significant rise inNa and a
decrease in K and 1t appears that the application of antiperspirants
inhibits the normal function of this secretory epithelium. At present
there are several possible explanations of this inhibitory effect of
aluminium. It has been shown to inhibit the Na/K ATPase in rat brain
synaptosomes (Lail &f g/ 1980), although this only occurred at relatively
high concentrations of aluminium (™ 100mM), which should have been
detected by the EPXMA method used In this study. A second, and more
likely, explanation is that the aluminium binds to and inhibits calmodulin,
as has been shown in bovine brain (Stegel & Haug, 1983). Although the
exact mechanism of action of calmodulin is not clear it is thought to
modulate cellular processes in which calcium is the second messenger. In
view of the importance of calcium in the secretory response of sweat
glands, inhibition of calmodulin could have a crucial role. In addition, the
aluminium concentration required to inhibit calmodulin is much lower
than that required to inhibit Na/K ATPase (i.e. 15uM aluminium produces
50% inhibition of bovine brain calmodulin). This would explain why
aluminfum was not detected in the fundus.

The effects of stimulation in the duct of antiperspirant treated
skin are difficult, if not impossible to explain. In untreated skin there
were no significant changes after stimulation. In treated skin there were
decreases in Na and C! and a rise in K, although, because of the small
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sample size, these falled to reach significance. There appear to be no
circumstances in which the duct cells, presumably high in K and low in Na
with respect to plasma and therefore having electrochemical gradients
for K efflux and Na influx, would accumulate K and lose Na during activity.
The situation is further complicated by the fact that this region s
thought to be inactive and clearly further work is required to clarify this
situation.

The delay in sweating in treated skin is probably due to the
aluminium-containing ductal obstruction in the epidermis and to some
impairment of the secretory processes of the fundus. Since the
ultrastructure of the treated glands after stimulation is similar to that
of untreated glands it suggests that the first factor is the more
important and that the delay is caused by the physical obstruction of the
outflow of sweat.

The conclusion from both studies is that although aluminium
penetrates into the epidermis and dermis to a depth sufficient to produce
a pharmacological effect on the secretory fundus the concentration is
below the detection limits of the EPXMA method used. The formation of
an aluminium-containing obstruction in the upper epidermis is also a
component of the antiperspirant action of aluminium salts. Whether this
obstruction completely prevents sweat flow to the skin surface or merely
delays its appearance is not clear but prolonged sweating is sufficient to
completely clear the duct.
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Table 8.1, Intracellular elemental concentrations of Na, K and C!
1n the fundus of the antiperspirant treated human
atrichial sweat gland before and after thermal

stimulation.

Element Rest Active
Na 154+ 21 154+ 17
Cl 72+ 10 76 + 11
K 156 + 18 155+ 17

Values are the means ¢+ SEM. Units are mMol/kg dry wt..

Table 8.2. Intracellular elemental concentrations of Na, K and Cl
in the duct of the antiperspirant treated human
atrichial sweat gland before and after thermal
stimulation.

Element Rest Active
Na 256 5S4 119£22°
Cl 48+ 16. 129+ 36
K 94+ 13 4515

values are the means ¢ SEM. Units are mMol/kg dry wt..
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Fi1g8.1. Diagram fillustrating the areas of the back that were
treated with an aluminium-containing antiperspirant, as described
in the text.



Waist line
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Abbreviations used

Bl - basolateral interdigitations
Ca - canaliculus

CR - cell remnants

CT - connective tissue
FS - fibrocyte sheath
GC - granular cell

L - lumen

LDC - luminal duct cell
MV - microvilli

Myo - myoepithelial cell
N - nucleus

NGC - non-granular cell
Obs - obstruction




F1g.82.  Anelectron micrograph of the fundus of the unstimulated
human atrichial fundus after antiperspirant treatment, illustrating
the typical appearance of the granular and non-granular cells. The

lumen is dilated and the spaces between the basolateral infoldings
are narrow. (bar = 2um)
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Fig.8.3.  Anelectron micrograph of the early stages of activity in
the fundus after antiperspirant treatment. The granules have
accumulated at the apical surface of the cells and the cytoplasm of

the non-granular cells contains less glycogen and has a foamy
appearance. (bar = 4um)

Fig.8.4 After prolonged stimulation of the treated glands the
secretory epithelium has become less cuboidal than in the
unstimulated state. There is granule depletion and any remaining
granuies are concentrated in the most apical region of the cells.
There is pronounced dilatation of the basolateral spaces and at

intervals in the secretory epithelium there are gaps resulting from
cell death. (bar = 4um)
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Fig85  An electron micrograph of the intraepidermal region of
the human sweat gland duct. The lumen of the gland is narrow and
is totally blocked by an electron-opaque precipitate. (bar = 4um)

Fig.8.7. An electron micrograph of the unstimulated upper
ascending duct in the intraepidermal region. The only noticeable

difference between this and untreated ducts is the narrowing of
the lumen. (bar = 4um)
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Fig86.  X-ray spectra from the duct of the antiperspirant treated
gland shown in Fig.8.5. a) from the obstruction within the lumen
b) from the apical edge of the surrounding
epithelium
c¢) from the tumen of the duct SOum deeper
than the blockage
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£ig.8.8  In the upper intradermal duct at the onset of stimulation

there is a widening of the intercellular spaces and the lumen is full
of a colloidal material. (bar = 2um)

Fig89  After prolonged stimulation the éppearance of the
ascending duct in the epidermis is typical of the active gland. The
lumen is clear of any obstruction and is wider than in the

unstimulated gland. The basolateral spaces between the duct cells
are dilated. (bar = 4um)
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Fig.8.10. A histogram of the elemental concentrations
(mMoles/kg dry wt.) of Na, Cl and K in the human sweat gland
fundus in the unstimulated and stimulated state before (upper) and
after (lower) a course of antiperspirant treatment.

Unstimulated

Stimulated 7

Values are means + SEM.
n = number of individuals
Y = significantly different from unstimulated (p < 0.05)
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Fig8.11.

A histogram of the elemental concentrations

(mMoles/kg dry wt.) of Na, Cl and K in the human sweat gland
straight duct in the unstimulated and stimulated state before
(upper) and after (lower) a course of antiperspirant treatment. .

Unstimulated

Stimulated

/

/

Values are means ¢+ SEM.
n=number of individuals
Y = significantly different from untreated - (p < 0.05)
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APPENDIX 1 MATERIALS

Drugs: Pilocarpine hydrochloride (Sigma)
Resins: Araldite, Epon and Lowicryl (Agar Aids)
Lemix and Emix (Emscope)
Ladd and Spurr (Polysciences)
DGEBA (London Resin Co.)
All gases and liquid nitrogen (BOC, Ltd.)
Al other chemicals and solutions were standard 1aboratory
reagents of the highest grade.
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APPENDIX 2 ESTIMATION OF ERROR IN CHLORINE MEASUREMENT

Spectra were recorded from a number of araldite blocks cut to the
same thickness as the biological sections and analysed under standard
analysis conditions (Chapter 3.10.3.). The ratio of counts in the chlorine
to “white” window were calculated for each spectrum. To estimate the
error that the chiorine in resin is likely to introduce to the biological
measurements several assumptions and conversions factors are needed.
The biological sections will be not be composed entirely of resin and, if
the resin is assumed to occupy water space in the original tissue, the
counts must be reduced. Gupta ez 4/ (1978) estimated water content in
Calliphora salivary gland as 75-80% and | have assumed that a value of
75% 1s representative of the sweat gland. From the average chiorine and
“white” counts calculated from representative spectra obtained from rat,
human and horse it was estimated that the resin will introduce errors of
approximately 40% in the chlorine measurement (range 38-45%). Although
this is a retrospective correction factor, it did not influence the
statistical significance of any of the Cl measurements.
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A series of concentrations (25, S0, 100, 300, & S00 mM) of NaCl,
prepared in a 25% (W/v) PVP in distilled water, were frozen by dropping

onto a highly polished copper rod cooled to liquid nitrogen temperature.
The flattened droplets were freeze-dried and processed by the same
method as the biological tissue. Sections were cut at 1200A and analysed
at -160°C using standard conditions (Chapter 3.10.3.), the rod was then
warmed to room temperature and adjacent areas of the same section
analysed. The characteristic counts in the Na and Cl windows and gross
counts in the “white” windows are shown in Table A3.1. The two sets of
data were compared by paired t-test. These results show that there was
no significant loss in characteristic counts for Na and Cl during room
temperature analysis. There was, however, a consistent and significant
(p < 0.05) loss of counts in the “white” window (average 16%). This value
was then used as a mass loss correction factor for the data obtained by
analysis at room temperature i.e. the elemental data from spectra
collected at room temperature were reduced by ~16%. To assess the time
dependency of this mass 1oss the following experiment was performed. At
-160°C a spectrum was recorded from a Na/Cl PVP droplet under standard
analysis conditions. The beam was left on the same spot and successive
spectra were recorded at 60s intervals until a total of 5 had been
collected. The specimen was warmed to room temperature and the
procedure repeated. The results (Table.A3.2)) show that no loss of
“white” counts occurred between the first and last spectrum and suggest
that once the initial mass loss occurs the sections are unlikely to lose
significant mass thereafter.
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Table A3.1. Characteristic counts in the Na, Cl and gross counts

a) Standard
!

N h W

b) Standard
]

[ & B N N B S

in the “white” windows from standard NaCl

mixtures: a)analysed at -160°C

n

25
20
10
20
20

n

23
20
10
20
20

b) analysed at room temperature.

Na
454 + 72
16+ 14
68 t 65
42 + 36
35+22

Na
469 + 89
32+ 21
94 + 65
51+ 30
22+ 13

Values are the means « SD.

Ci
2352 + 189
213+ 41
663 £ 223
339+78
148 + 36

Cl
2360 £ 152
230+ 44
690 + 177
348 + 67
142 + 36

- 160 -

white
2070 £ 140
1940 t 162
1693 + 239
2460 + 390
1124 + 248

white
1600 ¢ 157
1596 ¢ 151
1485 + 165
1981 + 235
1057 £ 196



Table A32.  Characteristic counts in the Na, Cl and gross
counts in the “white” windows: Five repeated
spectra (see above for details):

a) analysed -160°C
b) analysed at room temperature.

a) Spectrum Na Cl white
1 387 2490 1903
2 409 2490 1753
3 433 2460 1846
4 366 2450 1894
S 382 2610 1887

b) Spectrum Na Cl white
1 505 2470 1537
2 535 2600 1585
3 610 2640 1574
4 519 2720 1691
5 574 2780 1671

Spectra were recorded from standard 1 (Table A3.1.)
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APPENDIX 4  INTRACELLULAR ELEMENTAL CONCENTRATIONS IN THE
FUNDUS OF INDIVIDUAL RAT SWEAT GLANDS

Number of spectra per group, mean and standard deviation
for the rat sweat gland: a) Na

b) K
¢)Cl

a)
GROUP n Mean SD.
Control 1 20 62 31

2 29 1" 15

3 30 73 27

4 27 70 37
Saline 1 29 163 30

2 30 61 36

329 59 35

4 30 62 38
IPilo 1 15 91 30

2 26 118 30

3 27 137 38

4 28 127 23
3Pilo 1 30 155 58

2 28 76 30

3 28 61 51 .

4 29 171 58
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b)

GROUP n Mean S.D.
Control 1 19 241 18
2 30 178 23
3 30 224 19
4 27 201 16
Saline 1 29 251 18
2 30 183 21
3 30 188 26
4 30 198 26
1Pilo 1 15 80 14
2 26 106 14
3 27 193 12
4 28 101 7
3Pilo 1 30 242 20
2 28 87 13
3 28 1135 19
4 29 117 17
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c)

GROUP n Mean S.D.
Control 1 19 72 18
2 30 78 13
3 30 63 12
4 27 79 R
Saline 1 29 82 10
2 30 59 14
3 30 75 18
4 30 33 17
1 Pilo 115 112 27
2 26 54 17
3 27 45 14
4 28 S0 8
3 Pilo 1 30 85 17
2 28 S5 13
3 28 52 18
4 28 60 20

Values are Mmol/kg dry wt..Chlorine values were corrected for the
chlorine content of resin as described in Appendix 2.
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Roos & Barnard, 1984: Exocrine pancreas; mMoles/kg dry wt.
Na = 68 apical cytoplasm 78 basal cytoplasm
K=148 " " 202 " "

Kuijpers ef a/ 1984 Exocrine pancreas; mMoles/kg wet wt.
Na=20, K=150, Cl=25

Ingram e¢ @/ 1972 Frog skeletal muscle; mEg/litre
Na=92, K=1224, Ci=105

B) Ereeze-dried cryosections:

Andrews ef a/ 1982: Duckling salt glands; mMoles/kg dry wt.
Na = 83 apical cytoplasm 125 basal cytoplasm

K=423 " " 469 ° "

Cl=124" " 155

Somlyo et a/ 1977. Striated muscle; mMoles/kg dry wt.
Na =42, K=404, Cl=24

Roomans ef @/ 1982: Rat pancreas; mMoles/kg dry wt.
Na=135 K=525, Cl=99

Rick et al 1982: Frog skin epithelium; mMoles/kg wet wt.
Na=94, K=1184
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Gupta ef 4/ 1978: Calliphora salivary glands; mMoles/kg wet wt.
Na=20, K=115, Cl=33

Gupta & Hall, 1979: Rabbit ileum; mMoles/kg wet wt.
Na=745, K=7170, Cl="760

The values calculated in this study are not directly comparable
with those obtained by methods B) + C) above. For freeze-dried
cryosections it should be remembered that the values are mMoles/kg dry
wt. in the absence of resin and, assuming a cellular water content of 75%,
should be divided by ~4. The frozen-hydated sections values are in
mMoles/kg wet wt. and, again assuming a cell water content of 75%, the
values in this study should be multiplied by 100/75.
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APPENDIX 6 ESTIMATES OF THE FREE CONCENTRATIONS OF K Cl AND Na

1) Potassium

Potassium 1n the intracellular fluid is regarded as being mostly
unbound and ionised (Gupta ez @/ 1978). For various tissues the free
“active” level of potassium is given as:

Hyalophora cecropia midgut 85%  Zerahn, 1977

Rabbit heart muscle 83% Lee &Fozzard, 1975
Toad urinary bladder 73% Civan, Hall & Gupta, 1980
Rabbit ileum ~70% Gupta & Hall, 1979

The concentrations in Table 5.1, were multiplied by 0.8 (assuming 80%
free and fonised)

[1) Chloride

A considerable amount of chloride may be bound or
compartmentalised (Gupta e 4/ 1979) and not active intracellularly. In
barnacle muscle, Gayton & Hinke (1971) calculated that approximately
S0% of intracellular chloride fs bound. Gupta & Hall (1979) found a
similar value in their studies and 50% of the chlorine was assumed to be
free and active in the current work, '

1) Sodium
intracellular sodium activity is much lower than that of potassium
and calculated free levels for various tissues are given as:

Rabbit heart muscle 21% Lee & Fozzard, 1975
Rat thigh muscle 36% Khuri, 1979
various tissues 50% Gupta & Hall, 1979

The assumed free and ionised Na level in the present study was 35%.
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APPENDIX 7 INTRACELLULAR EL FMENTAL CONCENTRATIONS (N THE
EUNDUS AND DUCT OF INDIVIDUAL HUMAN SWEAT GLANDS

A) Na
B)K
C) Cl
EUNDUS
A) Na Control Active
Subject Mean Mean
1 185 181
2 197 210
3 228 223
4 187 255
5 198 207
6 152 218
7 13 228
8 126 -
9 - 294
10 - 144
N - 297
12 - 260
B)K Control Active
Subject - Mean Mean
1 - 150 98
2 142 136
3 165 i
4 108 13
5 204 , 47
6 204 147
7 162 153
8 139 -
o - 154
10 - 152
N - 39
12 - 79
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Control
Mean
127
165
136
118
19
69
o8
86

Actlve
Mean
162
119
143
17
124
69
80
140
46

176 -
77
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DUCT

A) Na Control Active
Subject Mean Mean

1 184 273

2 331 429

3 301 421

4 106 -

S 342 212

6 273 171

7 - 120
B)K Control Active
Subject Mean Mean

1 123 98

2 115 55

3 197 87

4 89 .

5 71 13

6 25 70

7 - 86
0 Cl Control Active
Subject “Mean Mean

1 : 70 95

2 ' 137 108

3 107 167

4 87 -

5 104 67

6 92 74

7 - 64

Values are mMoles/kg dry wt..The chloride values were corrected for the
chlorine content of the resin as explained in Appendix 2.
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APPENDIX 8 INTRACELLULAR FLEMENTAL CONCENTRATIONS IN THE
US AND DUCT OF INDIVIDUAL HORSE SWEAT

A) Na
B)K
O C
FUNDUS
A) Na Control Active
Horse Mean Mean
1 130 286
2 166 250
3 158 206
4 - 209
B)K Control Active
Horse Mean Mean
1 218 167
2 181 164
3 196 173
4 - 163
OQ Control Active
Horse . Mean Mean
1 . 67 81
2 76 109
3 69 124
4 - 96
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A) Na Control Active
Horse Mean Mean
1 125 234
2 273 322
3 185 260
4 233 345
B) K Control Active
Horse Mean Mean
1 136 56
2 134 102
3 207 13
4 105 78
C) Cl Control Active
Horse Mean Mean
1 76 121
2 60 96
3 61 81
4 69 129

Values are mMoles/kg dry wt..
The chloride values were corrected for the chlorine content of the resin
as explained in Appendix 2. '
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APPENDIX 9 METHODS OF THE PRELIMINARY STUDY OF
ANTI[PERSPIRANT ACTION ON THE RAT FOOTPAD

One male Wistar rat, 6-8 weeks 0ld, was anaesthetised with
“Sagatal” (35mg/kg 1.p.) and a solution of “Body Mist™ (Beecham
Products) was applied to one fore and one hind paw. The solution was
applied from a roll-on bottle and, in an attempt to standardise the
application, 15 “rolis” were applied. Similarly, an aluminium
chlorhydrate solution was applied to the remaining paws. Two-and-a-half
hours later a second series of applications of each chemical was
administered to the same sites. Twenty four hours after the first
application, the procedure of the first day was repeated and, finally,
after forty eight hours, repeated again. One hour after the last (6th)
application, the rat was killed and samples of footpad were cryoquenched
in rapidly-stirred 1iquid propane and stored in liquid nitrogen until
required for freeze-substitution.

All samples were subjected to the same freeze-substitution
procedure: i) freeze-substitution in acetone/ 1% 0s0, at -70°C to -80°C

(temp. maintained by dry ice) for three days

11) slow warming (*5h) to room temperature

111) embedding in araldite

iv) dry sectioning on conventional ultramicrotomes at 2000A
flattened on one hole copper mounts, carbon-coated and analysed at room
temperature in the JEOL JEM 100C.

Sections were cut parallel to the skin surface so that each gland
could be examined at different stages along its length (Fig.A.9.1.).
Morphological detail in the unstained sections was poor and, combined
with the unavoidable ice-crystal damage, made recognition of structures
difficult. In all instances where a gland was identified spectra were
recorded from the lumen, luminal border, from within the fibrocyte
sheath surrounding the dermis (Fig.A.9.1.) and occasionally from the
Formvar support film.
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EigA9. 1  Schematic diagram showing the S levels and 4 regions
of the rat footpad sweat gland that were examined by EPXMA after

a course of treatment with an aluminium-containing
antiperspirant.

Region 1 - luminal contents
2 - luminal edge
3 - cytoplasm
4 - stratum corneum
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APPENDIX 10 RESULTS OF THE PRELIMINARY STUDY OF
ANTIPERSPIRANT ACTION ON THE RAT FOOTPAD

With both treatments extensive areas of the pads were covered in a
dark electron-opaque “carpet”. This “carpet” which must, in view of the
method, be a precipitate contained a high concentration of aluminium.
Spectra recorded 1um into the stratum corneum demonstrated the
presence of aluminium in a lower concentration and at a depth of 2um the
level of aluminium was barely above the background (Fig.A.10.1).

The effects of both compounds were essentially identical in all
zones where measurements were made.

Zone | With both treatments, “Body Mist” and ACH, distinctly
measurable quantities of aluminium were recorded at the luminal edge of
the gland (Fig.A.10.2.). Some, but not all, ducts treated with ACH
contained large electron-opaque deposits, containing appreciable
quantittes of aluminium (Fig.A.10.2.), 1ining and almost blocking the
lumen which contained. Although no precipitate was detected within the
glands after “Body Mist” treatment there was evidence of aluminium in
the lumen. Aluminium could not be detected in the fibrocyte sheath of the
duct or in the surrounding stratum corneum.

Zone 2 There was no evidence of aluminium in the epidermal
cells surrounding the duct and there was no clear evidence of aluminium
peaks significantly greater than the background in the fibrocyte sheath.
However, aluminium was detected in a low level at the luminal border and
occasionally in the lumen.

Zones 3. 4&5 Inmost instances it was impossible to
distinguish aluminium peaks from background, however, in a few samples,
small but apparently distinct peaks could be obtained from all four
regions examined. These peaks were not found during control
measurements from the supporting film and suggest the presence of trace
amounts of aluminfum.

- 175~



Fig.A10.1. X-ray spectra recorded from a) the surface, b) 1um
from the surface and ¢) 2um from the surface of the rat footpad
after the application of antiperspirant as described in Appendix 9.
Note the different y-axis scales.
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FigA 102  Typical X-ray spectra recorded from a rat sweat giand
in the upper epidermis which contained electron-opaque luminal

material, a) luminal contents, b) luminal edge, ¢) surrounding
Formvar film.
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SUPPLEMENT

Original data for the three intracellular sites analysed
Data are given as percentage absolute mass fractions + S.D.
n= number of spectra
a, b and ¢ denote more than one fundus/duct analysed from each animal

For the 1 Pilo. rat number 1 the subcellular location could not be
confirmed and spectra were accumulated from the general cytoplasm.

Example of the derivation of the values given in this thesis



Original data for rat footpad study of the three intracellular sites.

a) Na

Treatment

Control

|
2
3
4

Saline

BN N -

I Pilo

3 Pilo

B UWN —

b) K
Control

Saline

1 Pilo

3 Pilo

BN -

Juxta-luminal

A71:.118 (10)
0211.029 (10)
167+ .066 (10)
126+ .085 (9)

Perinuclear

157+ .075 (10)

.003+.009 (10)
155+ .089 (10)
164+ .095 (10)

374+ .066 (10) 337+ .07 (10)
142+ .085 (10) 182+ .105 (10)
186+ .06 (10) 077+ .065 (10)
133:.099 (10) 129+ .076 (10)
241 107 (15)
279+ .071 (10) 275+ .089 (10)
.29+ .086 (10) 282+ .128 (10)
292+ .074 (10) 305+ .045 (10)
3491 .126 (10) 1339+ .199 (10)
202+ .067 (10) 179+ .053 (9)
167+ .149 (10) 16+ .113 (10)

415+ .097 (10)

.945+.089 (10)
6941 .108 (10)
937+ .074 (10)
824+ .071 (9)

1.007+ .063 (10)

7661 .08 (10)
774+ .128 (10)
789z .079 (10)

305+ .209 (10)

932+ .04 (9)

749+ .136 (10)
846+ .053 (10)
J77+.079 (10)

951+ .061 (10)
7+.04 (10)
71£.08 (10)
813+.114 (10)

327+ .08 (15)

411 .062 (10)
7441 .046 (10)
4061 .027 (10)

965+ .079 (10)
.384+.034 (10)
498+ .124 (10)
.5+ .056 (10)

44£ .065 (10)
783+ .063 (10)
4+ .026 (10)

.99:.092 (10)
329+ .052 (9)
446+ .043 (10)
431+ .052 (10)

Basal

069+ .036 (9)
.199+ .054 (8)
196+ .069 (8)

435+ .061 (9)

122+ .085 (10)
1461 .077 (10)
0981 .092 (10)

286+ .079 (6)

343+ .088 (7)

286+ .048 (8)

348+ .113 (10)
116+ .08 (9)
116+ .125 (8)
378+ .163 (9)

676+.072(10)
.86+ .086 (10)
771+ .054 (8)

1.016+ .139 (9)

619+ .125 (10)
745+ 116 (10)
694+ .106 (10)

373+ .046 (6)
737+ .038 (7)
37+ .02 (8)

8781 .065 (10)
.31£.05 (9)

4341 .105 (8)
413+ .083 (9)



BHWN — BDWN — DN N

B —

2761 079 (10)
.28+ .038 (10)
202+ .057 (10)
291 .046 (9)

27+ .024 (10)
1941 .046 (10)
279+ .05 (10)
104+ .054 (10)

239+ 058 (9)

291+ .056 (10)

.2392.052 (10)
2661 .053 (10)

2691 .024 (10)
1921 .041 (10)

225+ .046 (10)

102+ .055 (10)

406+ .12 (15)

2091 .031 (10)
1451 .046 (10)
184+ .034 (10)

.32+ .037 (10)
238+ .054 (10)
2241 .08 (10)
.183£.053 (10)

148+ .06 (10)
.141:.04 (10)
168+ .028 (10)

275+ .034 (10)
155+ .032 (9)

164+ .079 (10) -

186+ .043 (9)

.25+ .053 (10)
208+ .039 (10)
286+ .036 (8)

341+ .042 (9)
252£.071 (10)
31106 (10)

161+ .087 (10)

.25+ .093 (6)
222+ .102 (7)
185+ 063 (8)

321+ .141 (10)
204+ 047 (9)
193+ .08 (8)
305+ .152 (9)



Original data for the human study of three intracellular sites

FUNDUS Unstimulated

a) Na

Subject
1
2a
2b

O -~J NN bW

b) K

Subject
I
2a

2b

0 ~J N U TN

¢) Cl

Subject

Juxta-luminal
5451 .27 (10)
679+ 255 (10)
252+ 137 (10)
5011.239 (10)
.3581 .256 (10)
572+ .209 (10)
437+ .055 (10)
292+ .177 (10)
507+ .091 (9)

Juxta-luminal
593+ .048 (10)
402+ .088 (10)
726+ .114 (10)
71+2.097 (10)
51,12 (10)
932+ .172 (10)
992+ .139 (10)
713+.051 (10)
561+ .044 (10)

Juxta-luminal
829+ 209 (10)
1.078+..222 (10)
912+ .144 (10)
852+ .076 (10)
704+ .111 (10)
848+ 118 (10)
499+ .078 (10)
381+ .06 (10)
S571+.09 (10)

Perinuclear
481+ .235 (10)
755+ .459 (10)
431+.182 (10)
681+.228 (10)
594+ .16 (10)
.39 .034 (10)
.25+ .155 (10)
271113 (10)

Perinuclear

81z .24 (10)
515+ .069 (10)
824+ .146 (10)
79+ .13 (10)
467+ .06 (10)
926+ .087 (10)
781+ .056 (10)
712+ .093 (10)

Perinuclear
796+ .322 (10)

1.016+.239 (10)

9241 .147 (10)
893+ .213 (10)
733+ .124 (10)
452+ .027 (10)
.383+.095 (10)
554+ .092 (10)

Basal

4931 .259 (10)
7521 387 (10)
3621 .203 (10)
523+ .208 (8)

5961+ .333 (9)

512 .171 (10)
424+ .074 (10)

406+ .133 (8)
2+ .122 (8)
Basal

692+ .154 (10)
597+ .158 (10)
885+ .063 (10)
814+ 334 (9)
534+ .104 (9)
.963+ .203 (10)
93+ .1 (10)
774+ .08 (10)
6631 .042 (8)

Basal

979+ .27 (10)

1.457+ .479 (10)
1.38+.363 (10)
1.068+ .413 (9)

.994+ .309 (9)

.78+ .178 {10)

464+ .105 (10)
44+ 139 (10)

663+ .139 (10)



Original data for the human study of three intracellular sites

FUNDUS Stimulated

&) Na

Subiect
1a
b
lc
2a
2b
34
3b
4
)
6a
6b
7a
7h
9
10
(B
12a
12b

b) K

Subject
la
ib
e
28
2b
3a
3b
4
S
6a
6b
7a
b
9
10
i1
12a
i2b

Juxta-luminal

.332.087 (10)

6821 .099 (10)
474+ .157 (10)
425+ .199 (10)
617+ .171 (10)
9281 .332 (10)
1761 .167 (10)
7461 .196 (10)
67+ .233 (10)

4351 .275 (10)
.73+ .367 (10)

9161 .211 (10)
4791 317 (10)
9111 .284 (10)
473+ .132 (10)
507+ .268 (10)
781+ .189 (10)
62+ .152 (10)

Juxta-luminal

223+ .026 (10)
610+ .075 (10)
1392+ .078 (10)
511.064 (10)

7581 .122 (10)
448+ 061 (10)
.512+.075 (10)
467+ .132 (10)
263+ .089 (10)
291 .084 (10)

1.01+.25 (10)

1.0+ .089 (10)
41+ .099 (10)
779+ .198 (10)
645+ .059 (10)
181+ .034 (10)
307+ .076 (10)
441+ .08 (10)

Perinuclear

.87+ .272 (10)
.329+.158 (10)
A7+ .179 (9)
545+ 179 (10)
868+ .265 (10)
414+ .196 (10)
605+ .233 (10)

722+ .287 (10)
253+ .18 (10)

.825+.226 (10)
389+ .18 (10)

8441 .22 (6)

655+ .193 (10)

Perinuclear

7621 .147 (10)
463+ .044 (10)
651+ .155 (10)
6591 .076 (10)
473+ .063 (10)
664+ .155 (10)
728+ 183 (10)

1.096+ .226 (10)
397+ .089 (10)
651+.097 (10)
787+ .064 (10)
1631 .062 (6)

1452+ .07 (10)

Basal
.305+.108 (9)
21+ .11 (10)
437+ .173(10)
7541 .194 (10)
701+ .136 (9)
J11+.207 (10)
576+ .27 (10)
742+ .142 (9)
453+ .138 (9)
537+ .321 (10)
694+ .272 (10)
1,049+ .27 (5)
409+ .164 (10)
677+ .224 (10)
324+ .174 (10)
1.1£.24 (10)
802+ .132 (10)
618+ .096 (10)

Basal

23+ .113 (9)

726+ .102 (10)
477+ .068 (10)

545+ .087 (10)

659+ .057 (9)

436+ .052 (10)
.556+.109 (10)
3752+ .259 (9)
.167+.051 (9)
.3521.059 (10)

1.014+ .167 (9)

1.021+.159 (5)
4+ .078 (10)
719+ .196 (10)
6911 .062 (10)
192+ .041 (10)
294+ .037 (10)
403+ .026



Original data for the human study of three intracellular sites

FUNDUS Stimulated

¢c) Cl

Subiect
ia
b
e
2a
2b
3a
3b
4
o
6a
6b
7a
h
9
10
11
12a
12b

Juxta-luminal
809+ .139 (10)
959+ .187 (10)
76+ .095 (10)
733+ .082 (10)
719x 115 (10)
1.078+ .217 (10)
859+ .179 (10)
745+ .136 (10)
8352 .182 (9)
401+ .074 (10)
463+ 146 (10)
645+ .07 (10)
477+ 107 (10)
965+ .139 (10)
291+ .061 (10)
956+ .382 (10)
.359: .1 (10)
576+ .105 (10)

Perinuclear
1.028+ .163 (9)
699+ .187 (10)
729+ .072 (10)
627+ .127 (10)
1.042+ .244 (10)
.859+.106 (10)
63+ .147 (10)

632+ .124 (10)
409 .1 (10)

8912 .166 (10)
318+ .054 (10)
[.247+ .218 (6)

7421 .149 (10)

Basal
931+.3 (9)
1.03+ .244 (10) .
1.035+ .24 (10)
1.066+ .165 (10)
1.057+ .472 (9)
1.027+.119 (10)
8161 .152 (8)
959+ .161 (8)
6491 .101 (9)
585+ .218 (10)
504+ 173 (10)
691+ .046 (5)
482+ .092 (10)
1,037+ .136 (10)
.33+ .049 (10)
1.35+.254 (9)
3951 .21 (10)
726+ .075 (10)



Original data for the human study of three intracellular sites

Duct Unstimulated
a) Na

Subject Juxta-luminal
1 923+ .074 (10)

2 873+ .326 (10)
3 878+ .187 (10)
4 293+ .15 (10)
S 1.047+ .286 (10)
6 816+ .201 (10)
b) K
Subject Juxta-luminal

1 579+ .118 (10)
457+ .079 (10)
984+ .191 (10)
.3851 .041 (10)
3261 .062 (10)
105+ .031 (10)

N U B NN

¢) Cl
Subject Juxta-luminal
48+ .122 (10)
902+ .145 (10)
81+.216 (10)
556+ .102 (10)
7413 (10)
521+ .064 (10)

U BN —

Perinuclear
5511 .076 (10)
757+ .39 (10)
256+ .065 (8)
931+ .116 (10)
72+ .205 (10)

Perinuclear

539+ .082 (10)
515+ .117 (9)
448+ .04 (8)
336+ .057 (10)
142+ .026 (10)

Perinuclear
444+ .064 (10)
958+ .223 {10)
619+ 083 (8)
711,097 (10)
5661 .138 (10)

Basal

438+ .083 (10)
1.015: .21 (9)
768+ .274(10)
318+.113(8)
831+ .252 (10)
708+ .217 (10)

Basal

5971 .064 (10)
566+ .125 (10)
852+ .167 (10)
411.022 (8)
1323+ .098 (10)
1041 .021 (10)

Basal

513+.042 (10)
957+ .364 (10)
652+ .216 (10)
631 .095 (8)
735+ .162 (10)
8091 .12 (10)



Original data for the human study of three intracellular sites

Duct Stimulated

a) Na

Subject

la
b
2
33
3b
Sa
Sb
63
6b
2

b) K

Subject

la
1b
2
3a
3b
Sa
ob
6a
6b

c) Cl

Subject

la
b
2
3a
3b
Sa
68
6b
7

Juxta-luminal

597+ .226 (10)
707+ .286 (10)
1.14+ .335 (10)
1.578+ .238 (10)
987+ .242 (10)
701+.233(10)
735+ .277 (10)
273+ .154 (10)
6261 .165 (10)
3911 .221 (10)

Juxta-luminal
257+ .05 (10)
5881 .047 (10)
219z .086 (10)
719+ .189 (10)
1761 .023 (10)
5831 .141 (10)
437+ .116 (10)
595+ .049 (10)
069z .031 (10)
3611 .042 (10)

Juxta-luminal

612+ .089 (10)
558+ .051 (10)
672+ .096 (10)

1.454: 276 (10)

1954+ .118 (10)
326+ .063 (10)
3441 061 (10)
667+.067 (10)
4811 .07 (10)

Perinuclear
692+ .223 (10)
858+ .189 (10)
1.238+.281 (10)
1.384+ .477 (10)
.824+ .389 (10)
427+ .245 (10)
25+ .169 (10)
822+ .15 (10)
311+.199 (10)

Perinuclear
326+ .155 (9)
581+ .059 (10)
27+ .024 (10)
639+ .182 (10)
.191+.055 (10)

583+ .39 (10)
.072+.009 (10)
43+ .05 (10)

Perinuclear

693+ .17 (10)
518+ .076 (10)
743+ .109 (10)

1.271+.251 (10)

9421 193 (10)
.319+.108 (10)
323+ .046 (10)
695+ .09 (10)
413+ .041 (10)

Basal '
748+ 126 (9)

713+ .234 (10)
1.147+ .226 (10)
1.218+.302 (10)
921+ .447 (10)
.308+.237 (10)
623+ .215 (10)
087+ .121 (10)
734+ .145 (10)
251+ .198 (5)

Basal

254+ .042 (9)

565+ .03 (10)

274+ .045 (10)
485+ .06 (10)

222+ .096 (10)
632+ .157 (10)
452+ .087 (10)
564+ .06 (10)

.06+ .014 (10)

415+ .048 (10)

Basal

819+ .138 (9)
.565+ .068 (10)
796+ 113 (10)

1.184+ .136 (10)

1.052+ .258 (10)
443+ .087 (10)
332+ .093 (10)
699+ .098 (10)
403+ .118 (5)



Specimen calculation

The expanded form of the quantitation equation used in this thesis
is shown below.

Co= A (/Mgee N, (ZHA)
2
(nx/ nw)stan NZ stan

spec

Where C, = concentration of element x as a mass fraction of the

analysed volume
A, = atomic wt.

The ratios n,/n,, are the peak to background ratios for the
element in the specimen and standard

Using the standard data given in Table 3.1 and using a Z%/A value
of 3.28 (approx. biological tissue) the equation only requires the peak to
background ratio for the specimen.

For potassium a typical peak to background ratio was 0.28,
calculated as described in Chapter 3. this gives an absolute mass fraction
of element of .0039 or .39%.

To calculate the mMol/kg concentrations it is assumed that the
resin replaces the water originally in the specimen. It therefore follows
that .39% potassium is equivalent to 3.9grams per 1000grams of analysed
tissue i.e. approximately 100mMoles per kg dry weight. It should be
remembered that the dry weight is composed of approx. 25% biological
tissue and 75% embedding medium. The appropriate correction factor for
mass 10ss can then be applied as described in Appendix 3
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