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Abstract

This study has investigated the mechanism of growth hormone (GH) action in the skin 

and its innervation as well as in skeletal muscle. Two main issues have been addressed: 

(1) To what extent are GH effects on extrahepatic targets the result of direct actions 

of this hormone, or, indirect effects mediated by local production of insulin-like growth 

factor I (IGF-I)? (2) Can GH, acting either directly or indirectly, be regarded as a key 

mediator of neurotrophic functions?

These issues have been examined using three approaches:

i) Muscle biopsies were taken from adult growth hormone-deficient patients before and 

after six to twelve months of recombinant human growth hormone (r-hGH) treatment, 

as part of a double-blind placebo controlled clinical trial. These patients exhibit 

reductions in muscle bulk and strength which can be reversed with r-hGH treatment. 

Muscle fibre types and fibre size were examined by light microscopy for an influence 

of r-hGH therapy. IGF-I message was localised to muscle fibre cytoplasm and fibre- 

type specific mRNA was quantified by combined non-radioactive in situ hybridisation 

with computerised image analysis. Circulating IGF-I levels were also assayed, making 

it possible to compare morphological changes in muscle fibre size with changes in 

circulating and muscle-derived IGF-I. The results obtained are consistent with a direct 

effect of GH on skeletal muscle resulting in generation of IGF-I by the muscle fibres. 

However, the influence of circulating IGF-I could not be dismissed from this scheme.

ii) The innervation, morphology and function of eccrine sweat glands was examined in 

GH-deficient subjects who display reduced sweating, in patients with acromegaly (a GH 

hypersecretory state with excessive sweating) and in control subjects. Pilocarpine 

iontophoresis sweat tests were used to assess changes in sweating. An increase in the 

cholinergic innervation accompanied restoration of sweat rates in r-hGH treated 

subjects, whilst acromegalics displayed hypertrophy of sweat glands and elevated sweat 

gland innervation. These data imply an effect of GH on the sweat glands with 

repercussions for their innervation. A GH-mediated influence on neurotrophic support 

to the sweat gland nerves can thus be envisaged.

iii) Aged rats were utilised to investigate direct effects of r-hGH administration in the 

vicinity of the footpad eccrine sweat glands, with the aim of minimising the confounding



influence of serum IGF-I. Ageing is a state of relative GH deficiency and sweat glands 

are believed to be targets for GH action. Further aged rats display reductions in sweat 

gland size and innervation. An immunohistochemical method was utilised to stain for 

nerves and neurotrophin receptor sites around sweat glands. Due to injection-induced 

inflammatory effects, the results from this study were not clear, aside fi-om an increase 

in sweat gland acinar size on r-hGH administration and the demonstration of parallel 

alterations in neurotrophin receptor expression and periacinar nerve density.

These results allow the hypothesis of a direct effect of GH on target tissues to be 

advanced, resulting in local generation of IGF-I and, perhaps, of other target-derived 

neurotrophic factors.
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GENERAL INTRODUCTION
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ALI. Growth hormone; a historical perspective

Growth hormone (GH) is a polypeptide hormone produced from the anterior pituitary 

gland which has widespread efiects in the body, particularly on growth and metabolism. 

Abnormalities of GH secretion or action may result in conditions of growth hormone 

deficiency (GHD), growth hormone resistance (Laron syndrome) or excess 

(acromegaly). The study of these growth hormone actions has its origins in the classic 

descriptions of acromegaly by Pierre-Marie in 1886  ̂and the subsequent link which was 

established between gigantism and pituitary secretion The use of GH in the 

treatment of short stature in children (due to GHD) followed the isolation of the 

hormone from human pituitaries in the mid-1950's However, reports of Creutzfeldt- 

Jakob disease in some patients following this therapy precipitated the introduction 

of recombinant human GH (r-hGH) in 1985, the cell lines expressing the protein being 

bacterial or mammalian in origin The increased availability of the recombinant 

hormone allowed more frequent doses to be administered and also offered the 

possibility of treatment for children with less severe GH insufficiency “ and other forms 

of short stature (Turner's syndrome, uraemia in childhood, Prader-Willi syndrome, 

familial short stature etc) . In addition, clinical trials were initiated to treat patients 

with GHD in adulthood. At present, wider uses of r-hGH are being actively investigated 

including such diverse areas as ageing, thermal injury, parenteral nutrition, 

osteoporosis, obesity, heart failure and muscle metabolism

AI.2. Adult growth hormone deficiency syndrome

The action of GH on skeletal growth in development and childhood constitute its 

primary function This is reflected in the GH profile which is high during foetal life 

and achieves its maximum values during puberty Though GH levels decline with age 

thereafter, the production of this hormone continues throughout life The functions 

of GH in adults have become apparent from studies in GH-deficient adults. These 

patients can be divided into those with onset of GHD in childhood and those with GHD 

acquired in adulthood. The latter acquire GHD following pituitary or peripituitary 

tumours or their treatment Adults with hypopituitarism traditionally received 

replacement therapy with thyroid hormones, adrenal and sex steroids but not GH 

However, conventional replacement therapy has failed to rectify several physiological
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variables. Hence these patients exhibited alterations in body composition (including 

increased fat, decreased muscle volume, increased serum total- and LDL-cholesterol), 

psychosocial maladjustments, reduced muscle strength and exercise capacity, subnormal 

kidney function, reduced bone mineral content, defective thermoregulation, reduced 

energy expenditure and basal metabolic rate, abnormal thyroid hormone metabolism, 

premature atherosclerosis and reduced cardiac function, and an increased risk of 

mortality from cardiovascular disease Following several clinical trials of six to 

twelve months duration, the consensus was that most, if not all, of the above 

abnormalities were improved following r-hGH substitution 12-14,17,18,22-36 patients

demonstrated reductions in adipose tissue mass, increases in lean body mass (including 

muscle volume by elevation of protein synthesis), a decrease in plasma LDL-cholesterol 

and triglycerides, increased mineral content of bone, an increase in extracellular water 

by normalisation of kidney function, improved exercise capacity, increased sweating, 

improvement of dry atrophic skin, an increase in cardiac muscle mass and hence cardiac 

function, and an increased general well-being.

Hence the beneficial effects of replacement therapy suggest the extension of the uses 

of r-hGH to other situations such as ageing. However, with the supraphysiological 

doses being administered at present the likelihood is that extensions of the uses for 

GH therapy will only occur once beneficial effects with lower doses (and therefore 

threshold doses) have become established. There are potential drawbacks of therapy 

that could limit the benefits of GH substitution. Negative factors include the expense 

and reported side effects of treatment. The latter include fluid retention, carpal tunnel 

syndrome, and arthralgia whilst in addition hyperglycemia is a major concern in GH- 

treated elderly or burn patients, due to the insulin resistance caused by GH

AI.3. Acromegaly

Chronic hypersecretion of GH by pituitary tumours results in the acromegaly syndrome. 

The incidence of the condition is 3-5 per million per year with clinical presenting 

features including headaches, visual problems, changes in appearance, carpal tunnel 

syndrome, amenorrhoea and diabetes. Elevated circulating GH and IGF-I levels, rather 

than the enlarged tumour, are believed to be responsible for the alterations in 

appearance such as hand and foot enlargement and coarsening of facial features. Other
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dermatological manifestations include hyperhidrosis, oily skin, pigmented skin tags, and 

acanthosis nigricans. Cardiovascular problems, degenerative arthritis, alterations in lipid 

metabolism and an increased mortality are also consequences of acromegaly. Treatment 

of the condition include transsphenoidal pituitary surgery. Alternatively, therapy may 

involve administration of the dopamine agonist bromocriptine or the somatostatin 

analogue octreotide.

AI.4. Growth hormone; structure, binding proteins and receptor

Human GH (hGH) is a 191 amino acid single chain polypeptide with two disulphide 

bonds and constitutes up to 10% (5-lOmg) of the dry weight of the pituitary gland. The 

somatotrophic cells in the pituitary produce not only the major 22 kDa form of the 

hormone but also several variants (molecular forms derived from the same primary 

structure) including a 20kDa variant which constitutes 10-20% of hGH in the pituitary. 

Coding for hGH is carried out by a gene cluster on the long arm of chromosome 17. 

Two separate genes code for the various forms of hGH, hGH-N gene (for normal) and 

hGH-V gene (for variant, primarily expressed in the placenta). The 20kDa variant 

differs by 13 amino acids from the normal hGH and is produced in the pituitary as a 

result of post-transcriptional events. These result in the production of two mature 

mRNAs from the hGH-N gene, encoding the two main forms of hGH. Other splicing 

products of the hGH-N and hGH-V transcripts also exist, though their biological 

significance is uncertain. The exception is the placental GH coded by the hGH-V gene 

which is a potent somatogen and has a role in pregnancy. The function of the 20kDa 

variant of hGH is similar to that of the native hGH but it lacks the carbohydrate- 

regulating properties and hence the diabetogenic properties of the 22kDa form. In 

addition the 20kDa variant has reduced affinity for GH receptors when compared with 

the native form.

Though hGH is synthesised as a pre-hormone with a hydrophobic tail, this is short-lived 

and post-translational events govern the ultimate form of the hormone. Following 

secretion, GH rapidly associates with circulating binding proteins (Bps); these may be 

of a high or low affinity. The low affinity BP is a lOOkDa molecule which forms a 

125kDa complex with GH. It is unrelated to the high affinity BP or the GH receptor 

and binds the 20kDa variant specifically with equal or greater affinity to the 22kDa
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form Only 5-8% of GH is complexed by this BP which is not saturable at GH levels 

occurring in vivo

The high af&nity GH binding protein is a glycoprotein of 61 kDa which binds the 22kDa 

hGH (but not the 20kDa) with high affinity to form a complex of 80-85kDa The 

soluble extracellular domain of the GH receptor is structurally identical to this GH-BP 

and, in humans, the BP arises from hepatic GH receptor turnover by a process of 

proteolytic cleavage . In rats and mice, however, GH receptor and BP arise from 

two alternatively spliced mRNAs . The link between BP and receptor is 

demonstrated in the rare autosomal recessive growth disorder, Laron syndrome, which 

is characterised by normal or elevated levels of circulating GH and low levels of IGF-I 

In this condition of GH resistance, not only is there a GH receptor defect but also 

the high affinity BP is absent or nonfunctional

Though the high affinity BP complexes about 40-45% of circulating GH, at high GH 

concentrations (above 10-15ng/ml), the BPs are partially saturated and hence 

acromegalics (ACRs) have a lower proportion of the GH-BP complex Levels of the 

BPs in patients with GHD are however normal and no significant sex difference is 

observed in health or disease, though women tend to have slightly higher values Both 

BP and receptor are regulated by GH, age and nutritional status The function of the 

BP includes providing a circulating reservoir of GH which is not so easily cleared or 

degraded In addition, the BP could block GH actions by preventing fiirther binding 

to receptors However, the affinity of GH for its receptor is greater than that for the 

BP ensuring a net positive role of the BP such that the half life of GH is increased from 

7min for free GH to 27min for the bound GH Since the GH and BPs are in a 

continuous association-dissociation state, the reservoir property of the BPs serves to 

dampen the GH oscillations caused by pulsatile release of the hormone (see AI. 5.) from 

the pituitary

The GH receptor is coded for by a single gene and consists of an extracellular hormone- 

binding domain (24.6kDa), a single transmembrane region (24kDa), and a cytoplasmic 

domain (3 5kDa) Receptor levels are reduced in rats following fasting and 

streptozotocin-induced diabetes, and are normalised after feeding and insulin treatment, 

respectively Also, adipocytes from hypophysectomised rats have low receptor levels 

which are increased on GH treatment in these and normal rats Conversely, in
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hypophysectomised male rats GH receptor sites are increased, whilst in culture, GH 

treatment has been shown to decrease binding sites An inverse correlation between 

BP/receptor and GH secretion rates has been demonstrated. Hence, the level of GH 

secretion is indirectly regulated by the BP/receptor through negative feedback by the 

mediator of many GH actions, insulin-like growth factor I (IGF-I) (see AI.6.) 

However, the influence of IGF-I may depend on GH status as IGF-I increases GH 

receptor in normal rats and decreases the elevated receptor levels present in 

hypophysectomised rats

The binding of GH to its receptor involves two receptor sites on the hormone where 

each site binds to the same region of the GH receptor. A sequential complex is formed 

where after binding of one site to a receptor, a second receptor binds to the other 

receptor site thus forming a homodimer It has been proposed that dimérisation of the 

extracellular portion of the GH receptor could bring the intracellular domains together 

for signal transduction to proceed This is followed by induction of a non-receptor 

intracellular protein from the Janus family of tyrosine kinases, JAK2, by physical 

association of the dimerised receptor with JAK2 The proteins thus tyrosine 

phosphorylated include the receptor itself and mitogen activated protein kinases which 

in turn phosphorylate other intracellular enzymes and transcription factors 

Ultimately the induction of nuclear transcripts occurs including increases of c-fos, c-jun^ 

JunB, the serine protease inhibitors, Spi 2.1 and 2.2, and IGF-I Gene transcription 

of IGF-I involves a GH-regulated chromatin region within the IGF-I locus which is 

reversibly altered in response to GH A parallel system to regulate gene transcription 

at the local level has also been proposed after the demonstration in the nucleus of GH, 

BP and full-length GH-receptor The nuclear translocation of GH following 

internalisation is similar to that of insulin, nerve growth factor, epidermal growth factor 

etc and is receptor-dependent via the endocytotic lysosomal pathway

AI.5. Growth hormone; secretion and control

The production of GH is carried out throughout life with peak production in late 

puberty and thereafter a gradual decline occurs such that many individuals over sixty 

years of age have very low circulating levels of GH Throughout the day, GH is 

released as a series of discrete pulses, about six to twelve per twenty-four hours, with
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very low concentrations in between pulses. Other stimulatory factors include sleep, 

fasting, exercise, protein ingestion, hypoglycaemia, pregnancy and psychological stress 

GH production can be stimulated by oestrogen production with females generally 

producing more GH than males Obesity, carbohydrate ingestion and high serum 

free fatty acid levels are known to suppress endogenous GH production 

The secretion of GH from the pituitary is under the direct influence of the hypothalamus 

via the stimulatory peptide growth hormone release hormone (GHRH) and the 

inhibitory peptide somatostatin (SS, or somatotropin release-inhibiting hormone). These 

peptides are released from nerve terminals in the median eminence into the hypophyseal 

portal blood and thence reach the pituitary somatotrophs The control exerted by 

GHRH and SS relates not only to the amount of GH secreted from the somatotrophs 

but also governs the ultradian, pulsatile pattern of GH release. In humans, this is 

achieved by a combination of decreased SS secretion and a burst of GHRH release. SS 

and its withdrawal sets the timing of each GH pulse, whilst GHRH secretion determines 

the magnitude of the subsequent GH peak The importance of pulsatile release has 

been demonstrated in children where slow growth can result from a disordered pattern 

of GH secretion

GHRH-expressing neurosecretory cells exert a stimulating effect on GH secretion from 

their main location in the arcuate nucleus of the hypothalamus. The mechanism for GH 

secretion comprises GHRH-receptor mediated G-protein activation of adenylate cyclase 

in the somatotroph, increased cyclic adenosine monophosphate (cAMP) generation and 

eventually the activation of a pituitary-specific transcription factor which activates the 

GH gene Somatostatin, the inhibitory constituent to the dual control of GH 

secretion, is predominantly located in the periventricular nucleus of the hypothalamus 

with some expression in the arcuate as well The classic mechanism for SS inhibition 

of GH release involves the binding of SS to its receptor on the somatotroph, which 

initiates a sequence of events including the inhibition of adenylate cyclase, and hence 

GH release The demonstration of reciprocal innervation between GHRH neurons of

the arcuate nucleus and SS neurons of the periventricular nucleus suggests a 

hypothalamic mechanism by which GH secretion is coordinated The presence of 

additional SS neurons in the arcuate, which do not project to the median eminence, may 

also reduce the steady state levels of GHRH by a local influence
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GH exerts a negative feedback on GHRH production and hence GH-deficient animal 

models exhibit elevated levels of GHRH mRNA whilst the converse is true in models 

of GH hypersecretion including elevated levels of SS mRNA This effect is 

believed to be direct and independent of a similar action by central nervous system 

derived IGF-I GH action in the hypothalamus may be through its receptor on 

hypothalamic neurons leading to the induction of c-fos expression (a proto-oncogene 

involved in neural plasticity and other responses) Double labelling studies suggest 

that GH stimulates SS neurons in the periventricular nucleus and neuropeptide Y 

(NPY) neurons in the arcuate nucleus Hence, NPY neurons may inhibit GH secretion 

by projecting to GHRH neurons and modulating their activity 

Other stimulatory influences on GHRH release include noradrenaline and serotonin 

which are present in the arcuate nucleus Dopaminergic neurons, also in the arcuate, 

stimulate GH production in normal subjects; however dopamine agonists are used to 

suppress GH in ACR patients where their effect appears to be mediated by a direct 

effect on the somatotrophs The synthetic peptide, growth hormone releasing peptide- 

6, acts synergistically with GHRH not only as a direct GH secretagogue in the pituitary, 

but also by activating GHRH neurons in the hypothalamus. This effect is sensitive to 

inhibition by SS in both the hypothalamus and pituitary Additionally, the 

neuropeptide vasoactive intestinal polypeptide (VIP) directly stimulates GH release in 

the human pituitary (through activation of the adenylate cyclase-cAMP system) and 

indirectly in the hypothalamus (by inhibiting SS release) Conversely, the 

neuropeptide calcitonin gene-related peptide (CGRP) causes a suppression of GH 

release in the pituitary and in the hypothalamus by stimulating SS secretion 

Catecholaminergic projections to the hypothalamus can also influence GH secretion. 

Stimulation of (%2-^drenoreceptors in the hypothalamus results in GH release through 

GHRH secretion whilst p-adrenoreceptor or muscarinic cholinergic receptor activation 

causes SS stimulation and inhibition respectively A functioning central serotonin 

(5HT) system is required by the a 2-adrenoreceptors in order to stimulate GH release 

The significance of these brain transmitter molecules in the control of GH release 

could be an influence on the pulsatile release of GH since pulse generation is believed 

to be generated by explosive increases in the spike activity of neurons In addition, 

the recognition that some forms of GHD in children may be due to catecholaminergic
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disturbances has resulted in successful treatment with noradrenergic-acting drugs 

Similarly, cholinergic drugs enhance GHRH treatment by reducing the influence of SS
84

AI.6. Insulin-like growth factor I; structure, secretion, function and control

The observations by Salmon and Daughaday in 1957 on the stimulation by GH of a 

serum-derived sulfation factor, opened the way for the subsequent proposal that GH 

actions on tissue growth are mediated by an intermediate compound. This factor was 

purified in 1972, termed somatomedin-C, and was later re-named insulin-like growth 

factor I (IGF-I) There are two IGFs, known as IGF-I (generally GH-dependent) and 

IGF-n (generally GH-independent) The human serum IGF-I is a 70 amino acid single 

chain polypeptide whilst IGF-II has 67 amino acids; they share about 70% identity in 

their amino acid sequence and have about 50% structural homology to proinsulin 

IGF-II appears to be important in foetal life though it retains some functions in the adult 

The traditional mode of action for IGF-I involves GH-dependent release from the 

liver with the circulating IGF-I thus formed serving a classic endocrine function 

These general functions of IGF-I can be divided into those involving stimulation of 

growth and those that are insulin-like, such as lipid and glucose metabolism Anabolic 

effects include promotion of skeletal, renal, thymic and splenic growth, and the 

promotion of skeletal muscle and hepatic protein synthesis In addition, many tissues 

in the body synthesise IGF-I; hence there are paracrine and autocrine functions of IGF-I 

which are generally under GH control. Exceptions exist as in the gonadal production 

of IGF-I ” , and the modulation of IGF-I by additional factors in the uterus, aorta, 

thyroid, muscle and in fibroblasts The biological actions of the IGFs also 

encompass the terminal differentiation of many cell types

In the circulation and extracellular spaces, IGFs exist almost always bound to their 

binding proteins (IGFBPs). There are six in number and they fulfill five major fimctions; 

they are transport proteins, they prolong the half-life of IGFs (from lOmin to 12-20h), 

they provide a means of tissue- and cell-type specific localisation, they modulate the 

interaction of IGFs with their receptors, and they can have direct effects on cellular 

functions In serum, about 75% of IGFs are associated with the ~50kDa IGFBP-3, 

and an acid-labile subunit, to form a 150kDa complex (ratio of Imol IGF per mol BP-3)
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The association of the IGFBP with proteins on the ceil surface or in the extracellular 

matrix results not only in a lowering of the IGFBP affinity to IGF, but also in the 

increase in the local concentration of IGF in the vicinity of its receptor and hence the 

potentiating of IGF action The control of IGF-BP3 and the 150kDa complex appears 

to be from GH, with low levels in GHD and high levels in acromegaly Since IGFBPs 

are produced in many tissues, it would appear that they may also be closely linked to 

the autocrine and/or paracrine actions of IGF-I

The IGFs bind to three classes of receptor, the type-I IGF receptor (high affinity IGF-I 

and low afSnity IGF-II), the type-II IGF receptor (high affinity IGF-II) and the insulin 

receptor (low affinity IGF-I and IGF-II) In addition, IGF/insulin hybrid receptors 

have also been demonstrated in cells expressing both receptor genes The type-II 

receptor consists of a single polypeptide chain whilst the other receptor types consist 

of two extracellular a-subunits and two transmembrane p-subunits Signal 

transduction through the type-I receptor is carried out by both tyrosine kinase activity 

and receptor autophosphorylation The substrate for phosphorylation is termed insulin 

receptor substrate 1 This ultimately activates the guanine triphosphate-binding 

protein Ras which in turn stimulates mitogen activated protein kinases and these 

transmit a signal to the nucleus Additional pathways identified include those with 

phosphatidylinositol-3 phosphate generation, activation of protein kinase C, and 

possibly cAMP and serine/threonine protein kinases pathways 

A variety of growth factors have been shown to upregulate IGF-I receptors, including 

platelet-derived growth factor, basic fibroblast growth factor, oestrogen, angiotensin 

II, and thrombin This is not an incidental function of these growth factors since a 

functional IGF-I-IGF-I receptor autocrine loop is suspected to be essential for many 

of their mitogenic actions

The exact level of IGF-I regulation may involve both transcriptional and post- 

transcriptional mechanisms The IGF-I gene in rats is composed of six exons 

separated by five introns, with the mature peptide-coding sequence contained within 

exons 3 and 4, which form a core sequence to which alternate 5' and 3' sequences are 

spliced Two promoters control transcription from multiple start sites on exons 1 and 

2 The resultant transcripts are expressed differentially in a pattern that is dependent 

on tissue type, age, nutritional status and GH status Hence, GH has been shown to
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induce accumulation of transcripts through both IGF-I gene promoters Also, exon 

2 IGF-I mRNA is more GH-dependent than exon 1 mRNA Exon 2 transcripts are 

expressed primarily in the liver, whilst exon 1 transcripts are the major transcripts found 

in all tissues, including liver Le Roith and Roberts suggest that exon 2 transcripts 

encode the 'endocrine' form of IGF-I whilst exon 1 transcripts may be considered to 

encode the paracrine/autocrine form of IGF-I. The latter may be regulated by additional 

factors such as nutritional status, oestrogens, tissue-type etc The generation of 

these transcripts may occur through the encoding of different sized signal peptides such 

that the IGF-I molecule generated by signal peptidase would be incomplete for the exon 

1-derived molecule (proIGF-I) and be ready for secretion for the exon 2-specified form
92

The negative feedback by GH on IGF-I production is at the transcriptional level and 

involves a series of DNA-protein interactions through the major promoter of the IGF-I 

gene Conversely, there is increasing evidence that the short-loop feedback

mechanism for GH secretion involves not only an effect of GH/IGF-I on the 

hypothalamus, but may also involve local autocrine/paracrine actions of IGF-I in the 

pituitary. Hence, the presence of IGF-I and -II mRNAs as well as IGF receptor mRNA 

in rat brain including the hypothalamus and pituitary suggests dual sites of action for 

IGF-I regulation of GH production In rats at least, the mechanism in the 

hypothalamus may include a synergy between IGF-I and IGF-II to modulate SS/GHRH 

secretion Qi^ect pituitary inhibition of GH gene expression at the level of

transcription has been demonstrated Data from a rat model of somatomammotropic 

tumours suggests that this autoregulation may involve the mutually interactive 

regulation of GH and IGF-I genes in either neighbouring cells or at a single cell level 

The demonstration of GH-receptor downregulation by locally produced IGF-I in 

osteoblasts suggests the presence of a peripheral negative feedback loop for GH in 

extrahepatic tissues

The uses of r-hlGF-I have been explored in clinical studies to treat catabolic states, 

such as ageing and cachexia The administration of r-hlGF-I to normal adults causes 

an inhibition of insulin secretion without causing hypoglycaemia In other studies 

hypoglycaemia does occur due to an effect of IGF-I on glucose transport, perhaps 

at high doses. Given that GH causes insulin resistance it has been suggested that the
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administration of both GH and IGF-I may be more beneficial in the treatment of 

patients with catabolic diseases In this context, the finding that IGF-II acts as a 

functional inhibitor of the anti-catabolic actions of IGF-I, suggests a role for IGF-II in 

adulthood Additional uses of IGF-I may be in the treatment of hyperglycaemic 

states such as diabetes in the treatment of GH-insensitivity conditions such as Laron 

syndrome and in recovery from renal disease Aside fi*om conditions such as 

Laron syndrome where a GHR defect prevents GH action, the clinical use of r- 

hlGF-I would avoid beneficial effects of direct acting GH. The finding of GH-secretion 

suppression in Laron syndrome subjects following r-hlGF-I treatment is also an 

indication of the possible undesirable consequences of such an approach Further 

concerns over r-hlGF-I treatment include the inducing of hypoglycaemia, and the lack 

of prevention of protein catabolism in normal adults

AI.7. Growth hormone, insulin-like growth factor I and the nervous system 

AL7.1. Growth hormone and the nervous system

GH binding sites have been identified in adult human and rat brain regions such as 

choroid plexus, hippocampus, thalamus, hypothalamus, and pituitary Lobie et

al have demonstrated protein and mRNA for the GHR/BP in a number of CNS sites 

in neonatal rat and rabbit brain. These include the cerebral cortex, neurones of the 

thalamus, hypothalamus, colliculi and brainstem, pyramidal cells of the hippocampus, 

Purkinje cells of the cerebellum, glomeruli and mitral cells of the olfactory bulbs, and 

retinal ganglion cells. Glial cells, particularly astrocytes and ependymal cells also display 

GHR/BP immunoreactivity. These sites of expression correlate well with the 

distribution of IGF-I protein and message; sites of common distribution include 

cerebellar Purkinje and glial cells, the hippocampus, thalamus, hypothalamo- 

hypophyseal system, spinal cord and olfactory bulb. Treatment with GH of the GH- 

deficient Little mouse results in glial proliferation, and hence increased myelinogenesis, 

restoring normal weight of the cerebrum and cerebellum GHR/BP mRNA levels, as 

well as GH binding sites, in the brain decline with age in humans, rats and rabbits 

111,112,114 addition, GH appears in the brain before its ontogenic appearance in the 

adenohypophysis, indicating a role of GH in brain development and maturation GH 

appears to be important to the nervous system during post-natal life and in maturity:
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Excess states, for example acromegaly, may lead to the development of a generalised 

peripheral neuropathy which has its origins in an initial demyelination process 

Patients with isolated GHD in childhood, and Laron syndrome subjects, have a small 

head circumference and show mental retardation; r-hGH therapy in these patients aids 

increases in IQ “ 5,119,120 syndrome patients also have visuo-motor disturbances

suggesting that receptor defects in the CNS are responsible GH-deficient adults 

have decreased psychosocial well-being whilst r-hGH therapy results in an improvement 

in the quality of life and increased vitality and mental alertness in these subjects 

27,116,121-123 improvements may be secondary to changes in body composition etc; 

however, GH effects on the nervous system cannot be ruled out It has been 

suggested that GHRs in the choroid plexus may be involved in the transfer of the 

hormone over the blood-brain barrier; however, other authorities suggest an 

endogenous GH/IGF-I axis in the brain with local GH synthesis in the CNS 

Evidence from mature rats implicates both the latter suggestions; intraperitoneal 

injections of ̂ ^^I-labelled GH result in accumulation of GH in brain areas, whilst GH 

mRNA is present in several brain areas, being broadly co-distributed with its receptor 

sites “ 2,114,116,124 Yhe demonstration of increased levels of GH and IGF-I, in the 

cerebrospinal fluid of r-hGH treated adult GH-deficient subjects, was the first indication 

that r-hGH can cross the blood-cerebrospinal fluid barrier in humans This study also 

showed no correlation between serum IGF-I levels and those in the cerebrospinal fluid 

Johansson et al suggest a CNS origin for the IGF-I which presumably also 

implies that r-hGH crossed the blood-brain barrier. An intriguing finding from the latter 

study was an increase in p-endorphin levels as well as a decline in concentration of VIP 

and the dopamine metabolite homovanillic acid following r-hGH therapy These 

changes, taken together with GH action in the hippocampus, may constitute the 

biological basis of the improved psychological well-being observed following r-hGH 

treatment in GH-deficient subjects

Dwarf mice have been used extensively to investigate the influence of GH on its 

regulatory neurons in the hypothalamus '̂ >̂“ 5-129 ĝgg Phelps, C.J. for review). In 

these mice, a reduction occurs in the hypothalamus, of both SS neurons (in the 

periventricular nucleus) and dopamine neurons (in the arcuate nucleus). Conversely, 

GHRH neurons in the arcuate nucleus are increased in the same region where dopamine
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neuronal cell loss occurs. These results suggest a lack of pituitary GH feedback control 

over these neurons in the hypothalamus. Further, a reduction occurs in GHRH and SS 

terminations in the median eminence which is indicative of a role of pituitary signals in 

axon guidance during development. The mechanism for these actions may be indirect 

via IGF-I, though GH may also pass through the blood-brain barrier which is permeable 

in the ventral arcuate nucleus. Further, GH may be carried to the hypothalamus by 

retrograde flow from the hypophyseal portal vasculature The intercellular 

mechanism for these changes has been investigated in r-hGH treated 

hypophysectomised rats The process appears to involve activation of the c-fos

gene (an indicator of neuronal plasticity), in SS neurons of the periventricular nucleus, 

and also in NPY neurons in the arcuate nucleus; the latter may project either to SS 

neurons in the periventricular nucleus or to GHRH neurons in the arcuate nucleus 

GH may thus be regarded as a neurotrophic factor for its regulatory neurons, 

influencing survival, connectivity and phenotypic plasticity of its developing regulatory 

'hypophysiotropic' neurons

The role of GH in the PNS has not attracted much research interest; however, sciatic 

nerve regeneration is known to be positively influenced by r-hGH treatment in normal 

and hypophysectomised rats Since the r-hGH was administered systemically, it 

could not be ascertained if this was a direct effect of GH or an indirect one mediated 

by IGF-I. Ullman et al investigated muscle regenerative responses in normal adult

rats and showed that treatment with r-hGH resulted in satellite cell proliferation and 

muscle fibre hypertrophy. Following denervation, r-hGH administration prevented 

muscle fibre atrophy, thus indicating that this effect was independent of innervation 

Once again, the influence of systemic or local IGF-I could not be dismissed in this 

experimental setup.

AI.7.2. Insulin-like growth factor I in neuronal development

The activity of IGFs in promoting neurite outgrowth and survival was initially described 

in cultured (neuroblastoma, sympathetic, sensory) cell lines by Recio-Pinto et al 

Subsequently, IGF-I was shown to promote motoneuron survival during the period of 

developmentally regulated neuronal death in chick embryos Further, axotomy- 

induced death of motoneurons was prevented by IGF-I in developing mouse spinal cord
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as was atrophy of surviving motoneurons In embryonic rats, IGF-I mRNA increased 

in muscle at the same time as polyneuronal innervation of single motor endplates was 

occurring

Synapse elimination in rat development occurs once motoneurons reach their targets 

and synaptogenesis has occurred This muscle-activity dependent decline is 

accompanied by downregulation of muscle IGF-I, neuronal growth associated protein 

(GAP) and tubulin which can be prevented by local IGF-I treatment Ishii, D.N. 

suggests that the development of neuromuscular synapses, regeneration of synapses, 

and sprouting of motor nerve terminals are modulated by the presumably autocrine 

and/or paracrine neurotrophic effects of IGF-I.

The transient localisation of IGF-I and its receptor to many CNS neurons and glia in 

development also indicate a neurotrophic action of this growth factor IGF-I was 

shown to induce oligodendrocyte and astroglial proliferation, and oligodendrocyte 

differentiation Further actions included those on neuronal proliferation,

differentiation, elaboration and maturation during development In transgenic mice 

overexpressing IGF-I, brain neuronal cell size and number, and total myelin content, 

was increased significantly over control mice Conversely, transgenic mice lacking 

the IGF-I gene were shown to have distinct neurological aberrations including 

decreases in neuronal size Preliminary evidence has been presented suggesting that 

r-hlGF-I treatment to a Laron syndrome subject resulted in an increased myelination 

of the optic nerve

AI.7.3. Insulin-like growth factor I and the mature nervous system

The detection of IGF-I and IGF-I receptor (binding sites, protein and/or message) in 

adult rat neurons (hypothalamo-hypophyseal system, olfactory bulb, cerebral cortex, 

choroid plexus, hippocampus, motoneurons and PNS neurons), as well as the 

characterisation of a neuronal structural subtype of IGF-I receptor in mature rat brain, 

indicated a function of IGF-I in adulthood 141,142,147,i6i-i64 ^  variant IGF-I peptide has 

been demonstrated in both foetal and adult human brain This IGF-I molecule arises 

out of post-translational modification and, due to its reduced affinity to IGFBPs, is 

more potent than the native peptide IGF-I in the mature nervous system may 

support synapse turnover and formation. Consistent with the latter role, there are
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relatively high levels of IGF-I and its receptor in the olfactory bulb, which constitutes 

an area of the rat brain with a high synapse turnover

IGFs can be regarded as soluble nerve- and muscle-derived neurotrophic factors able 

to regulate the rate of peripheral nerve regeneration Hence, IGF-I infusion was 

found to increase the rate of adult rat and mice sciatic nerve regeneration and sprouting 

167-169 pur|;hei-̂  perfusion with specific antibodies against IGF-I impaired the 

regenerative response IGF-I immunoreactivity was found to be present in 

regenerating sciatic nerve fibres with expression elevated in the Schwann cells 

Further, axoplasmic transport of IGF-I was shown to be in both retrograde and 

anterograde directions in adult rat sciatic nerves following crush The sequestering 

of IGF-I by its BPs close to the surface of muscle fibres during regeneration and 

development, is suggested by Ishii, D.N. to provide a mechanism for the chemotactic 

attraction, support and maintenance of nerve fibres in these situations. The latter 

proposal is supported by observations on rat sciatic nerve regeneration; IGF-I was 

produced by both Schwann cells and invading macrophages, whilst transcripts for 

IGFBP-5 and the IGF-I receptor were additionally generated by Schwann cells 

A similar finding for regenerating rat CNS motoneurons (following facial nerve 

axotomy) has been observed In the latter study, the production of IGF-I and 

IGFBP-2 by astrocytes is preceded by possible activation of the IGF-I response by 

microglial cells

IGF-I treatment enhances the rate of functional recovery in peripheral nerve 

regeneration suggesting a possible influence on neurotransmitters in neuromuscular 

innervation The release by IGF-I of acetylcholine from rat cortical slices, and the 

inducement of choline acetyl transferase activity in neuroblastoma cell lines, also 

suggest that IGF-I affects neurotransmitter synthesis or release In this context,

the prevention of lumbar motoneuron death during development by IGF-I is 

accompanied by maintenance of choline acetyltransferase levels Induction of 

catecholaminergic phenotype by IGF-I, in dorsal root ganglion cultures, was the first 

direct evidence to show an involvement of IGF-I in the developmental changes which 

occur in peripheral neurons Aside fi*om neurotransmitter/neuropeptide regulation, 

Patterson, P.H. holds the opinion that many cytokines (including IGF-I, nerve 

growth factor and brain-derived neurotrophic factor) may influence intercellular
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signalling directly, through protein kinase activity for example, and thus serve a 

neurotransmitter function.

AI.8. Aims of the investigation

The present study was made possible by a clinical trial initiated in 1993 to explore 

the effects of r-hGH in adult GH-deficient subjects. This involved a double-blind 

placebo controlled investigation with r-hGH treatment for six to twelve months. 

Despite a positive finding by Raben,M.S. in 1962, it has only been in the last 

decade that a number of studies have examined the repercussions of GH-substitution 

in the hypopituitary adult. Since the initial trials 22-24,29,180-182̂ the focus of subsequent 

studies has been increasingly targeted at determining the underlying mechanisms 

which govern the beneficial effects of r-hGH therapy. Hence, the mode of r-hGH 

replacement (eg pulsatile or continuous, frequency of doses) has been evaluated 

and changes associated with inter-patient variation were noted by Johannsson et al 

Further, target tissues such as the CNS heart and muscle have been 

examined for their responsiveness to r-hGH therapy. In this context, the present 

investigation has attempted not only a broad monitoring of 'classic' endocrine 

responses, but has additionally utilised morphological, biochemical, histological and 

molecular approaches in an attempt to understand some aspects of the mechanism of 

GH action. These studies have focussed on three parallel questions. To what extent 

are beneficial effects of GH the result of direct actions of this hormone, or, of 

indirect effects mediated by IGF-I? In indirect responses, what role does target- 

derived IGF-I have as compared with circulating IGF-I? Finally, does GH either 

directly or indirectly have a neurotrophic function?

The two target systems evaluated in this study, sweat glands and muscle, are known 

to show altered function in GHD. Abnormal thermoregulation and hypohidrosis are 

noted consequences of GHD whilst ACRs classically display hyperhidrosis (see chapter

3). Muscle mass and strength are reduced in GHD and revert to normal levels following 

r-hGH therapy (see chapter 5). The relative ease of obtaining biopsy specimens from 

the skin and muscle have allowed the exploration of end-organ changes before, during 

and at the end of the clinical trial {chapters 3 and 5). The methodology was chosen to 

facilitate careful examination of data in a quantitative or semi-quantitative fashion (see
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CM. 3.4. and EM. 5.). Further, biochemical analysis of key circulating hormones (eg 

serum IGF-I and thyroid hormones, see chapter 2) was carried out to allow comparison 

with the target-organ data from skin and muscle.

Part of the process of understanding GH actions has been the increasing use of animal 

models such as mutant dwarf animals (eg. dw, d fm d  lit strains of mice, dw strains of 

chicken, Lewis dwarf rat), transgenic mice, and hypophysectomised rats The 

horizons for the usage of r-hGH have, however, recently expanded to include ageing, 

malnourishment and maintenance/increase of the anabolic status in a wide variety of 

situations (for increasing muscle bulk in sports and for patients undergoing trauma, 

severe infections or glucocorticoid therapy) Part of the present study has expanded 

on the sudomotor results from Chapter 3 using r-hGH treated aged rats (see chapter

4) in order to evaluate the direct actions of GH on the sweating apparatus in ageing, a 

state of physiological GHD. The results from these complimentary approaches have 

generated novel hypotheses governing the mechanism of GH action, particularly in 

relation to interactions of GH with peripheral nerves and their targets.
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CHAPTER 2 

AN  INVESTIGA TION INTO RECOMBINANT 

HUMAN GROWTH HORMONE TREA TMENT OF 

GROWTH HORMONE-DEFICIENT ADUL TS.
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Chapter 2 

Introduction

B1.1. Diagnosis of adult growth hormone deficiency

The recognition of the GHD syndrome as a distinct clinical entity in adults followed 

from the early work of Cuneo et al in the late 1980s. Diagnosis is usually based on 

both clinical and biochemical features. The former includes known pituitary pathology, 

reduced strength and exercise capacity, increased abdominal adiposity and impaired 

psychological well-being There are a range of GH stimulation tests including the use 

of insulin, GHRH, clonidine, levodopa, arginine etc The assessment of spontaneous 

GH secretion by 24-hour blood GH measurements, and the evaluation of serum IGF-I 

and IGFBP3 levels, have also been used to diagnose GHD. The relative infancy of this 

field is reflected in a consensus on the criteria, for diagnosis of profound adult GHD, 

emerging only in 1995 Thomer et al suggest a peak GH response of less than 

3pg/l (9mIU/l, with the insulin tolerance test) as one of the main indications which merit 

r-hGH substitution.

BI.2. Growth hormone, insulin-like growth factor I and thyroid hormones

The hypothalamic influences of thyrotropin releasing hormone (stimulatory) and SS 

(inhibitory) govern the secretion of thyroid stimulating hormone (TSH or thyrotropin) 

from the anterior pituitary The feedback inhibition of TSH by the prohormone 

thyroxine (T4) is an additional control mechanism, whilst peripheral T4 metabolism to 

3,5,3'-triiodothyronine (T3) results in the production of the active hormone 

Hypothyroidism is associated with growth impairment coincident with reduced basal 

and stimulated GH release, as well as low circulating levels of IGF-I Colonna et 

al have shown that an early response to r-hGH treatment of hypothyroid rats is a 

direct feedback of GH on GHRH neurons. However, at the onset of hypothyroidism, 

rats displayed reductions in GH levels prior to changes in GHRH neurons and no 

changes in SS levels were observed Hence, the mechanism of thyroid hormones 

action on GH release may not be mediated by the hypothalamic regulatory system for 

GH During development, T3 binding to nuclear receptors is known to stimulate GH 

synthesis (as well as NGF, epidermal growth factor) and consequently IGF-I production
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It is thus likely that the anabolic effects of thyroid hormones are mediated by other 

growth factors IGF-I has been shown to increase the rate of T4 conversion to T3 

and, conversely, T3 can inhibit IGF-I gene expression in the pituitary 104,202,207,20s 

interactions between the GH/IGF-I axis and thyroid hormones in the adult exist in many 

tissue systems and will be further clarified at appropriate junctures as well as in the 

general discussion.

BI.3. Growth hormone, insulin-like growth factor I and bone metabolism

A major anabolic effect of GH is to stimulate bone turnover and increase bone mass 

In addition, GH stimulates type I and III collagen metabolism GH markedly 

influences phosphocalcium homeostasis and bone metabolism and continues to play a 

role in bone physiology in adulthood In the adult skeleton, bone formation is 

regulated by the coupling of formation to resorption so as to achieve a mechanically 

optimal bone structure; IGF-I is believed to mediate this process The mechanism 

involves GH stimulation of osteoclast production which then promotes and governs 

osteoblast-mediated cavity re-filling. GH further directly activates osteoblasts to 

increase local synthesis of IGF-I hence enhancing bone matrix apposition, suggesting 

a role in the preservation of bone mass. Though the growth-promoting activities of GH 

are mediated by IGF-I, bone resorption appears to be a direct action of GH 

Further aspects will be covered in the discussion (BD.4.) and general discussion 

chapters (F2.1.).

BI.4. Aims of the investigation

Aside from providing patient characteristics and an overview of the design of the 

clinical trial, this chapter presents results from assays for serum IGF-I, serum thyroid 

hormones (T4 and T3) and urinary total pyridinoline crosslinks. The clinical trial 

covered many aspects of r-hGH therapy including body composition, heart function, 

quality of life etc. However, the primary purpose of presenting the former three 

parameters is to allow an appreciation that r-hGH therapy has consequences for various 

target organs. Hence, r-hGH effects in liver, thyroid, and bone not only have influences 

for themselves, but also impinge on other tissue systems (eg skeletal). For serum IGF-I
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and thyroid hormones, an additional consideration was the interaction between these 

hormones with possible repercussions for their target organs.

Data presentation and statistical methods in this, and subsequent chapters, are explained 

in Appendix G. 1.
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Chapter 2 

Methods

BM .l. Growth hormone-deficient patients

Twenty subjects (10 males, 10 females; aged 25 to 53 years, mean age 39 years) with 

GHD (defined as peak GH <10.0 mIU/1 during an insulin hypoglycaemia test) for more 

than 12 months were selected. Where necessary, patients had been receiving other 

pituitary hormone replacement therapy for more than six months. Subjects were 

randomly assigned to receive either r-hGH (Genotropin R: Pharmacia, Sweden) or 

placebo for 6 months, following which all patients received r-hGH for 6 months. 

Therefore, of the GH-deficient subjects, 8 patients (5 males, 3 females) received r-hGH 

for 12 months and 12 patients (5 males, 7 females) received placebo then r-hGH for six 

months each. At the end of the clinical trial, patients were asked whether they wished 

to continue with r-hGH replacement therapy, (see table BR. 1. for patient details and 

responses)

The present study was part of a broader investigation exploring the effects of r-hGH 

on quality of life, body composition and numerous parameters of metabolism in GH- 

deficient adults as well as assessing its short term safety. The protocol was approved 

by the Royal Free NHS Trust Ethic's Committee and informed written consent was 

obtained from all subjects.

BM.2. Administration of recombinant human growth hormone

The study drug was supplied as sterile powder for injection with solvent in a two- 

compartment cartridge with a customised 'pen' for injection purposes. Each cartridge 

after reconstitution contained; 16 lU r-hGH, 2.0mg amino acetic acid, 41mg mannitol, 

0.29mg anhydrous sodium phosphate, 0.28mg anhydrous disodium phosphate, 3mg M- 

cresol, and 1ml water for injection. Placebo was supplied in identical cartridges for 

reconstitution containing 1ml water for injection with 3.0mg M-cresol.

The doses were 0.125 lU per kg sc/week during the first four weeks of each 6 month 

period and thereafter 0.25 lU per kg sc/week for five months. The weekly dose was 

divided into seven daily subcutaneous injections. The mean dosage per day was 1.5 lU 

(first month) or 3.0 lU (for subsequent five months).
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BM.3. Serum insulin-like growth factor I assay

Fasted early morning blood samples were taken for measurement of serum IGF-I after 

acid-ethanol extraction. The IGF-I levels were measured by polyethylene glycol-assisted 

second antibody (polyclonal anti-rabbit IgG antiserum) radioimmunoassay as described 

in Bang et.al. The detection limit of the assay was 20 ng/ml. The intra-assay and 

inter-assay coefficient of variation at 202 ng/ml were 3.1% and 10.0% respectively, (for 

further details of the protocol see appendix G.2.)

BM.4. Serum free 3,5,3-triiodothyronine and free thyroxine assay

T4 and T3 were determined by enzyme immunoassay using ES 700 analyser 

(Boehringer Mannheim, UK). The intra-assay coefficient of variation were as follows; 

T4 6.0% at 14 pmol/1, 3.7% at 57.1 pmol/1; T3 3.3% at 6.5 pmol/1, 1.3% at 21.6 pmol/1. 

The inter-assay coefficient of variation were; T4 2.7% at 15.7 pmol/1, 2.1% at 43.5 

pmol/1; T3 3.8% at 6.9 pmol/1, 2.9% at 17.2 pmol/1. (for further details of the protocol 

see appendix G.2.)

BM.5. Urinary total pyridinoline crosslinks assay

BM.5.1. Collagen pyridinium as a marker of bone metabolism

The pyridinium cross-links of bone, pyridinoline (also present in articular cartilage) and 

deoxypyridinoline provide structural integrity and rigidity to mature, insoluble collagen 

fibrils. These naturally fluorescent molecules are derived from lysine and hydroxylysine. 

During bone degradation (resorption), the cross-links are released into the circulation, 

not metabolised and eventually excreted in urine. Pyridinium cross-link measurements 

in urine have been shown to be sensitive and specific indicators of resorption by both 

established HPLC and newer enzyme immunoassay techniques.^^^

BM.5.2. Methodology

An isocratic ion-paired reverse-phase high-performance chromatographic assay using 

narrow-bore columns and high sensitivity fluorescence detection was utilised, with

45



coefficient of variation for extraction and analysis being 7.96%. (for further details of 

the protocol see appendix G.2.)

BM.6. Acknowledgements

The serum IGF-I assay was carried out by Pharmacia Peptide Hormones UK, the T4 

and T3 assays by the Department of Chemical Pathology, Royal Free NHS Trust, and 

the urinary total pyridinoline courtesy of Dr D Perrett, Department of Rheumatology, 

St. Bartholomew's Hospital Medical College, London.
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Chapter 2 

Results

BR I. Patient responses to recombinant human growth hormone therapy

The r-hGH substitution was generally well-tolerated; however, five patients experienced 

peripheral (hands and feet) oedema. In the patient group as a whole, there was no 

significant improvement in quality of life while on active drug, as assessed by quality 

of life questionnaires. Individual patients did, however, experience improvements in life 

style with positive changes in weight, body composition and exercise capacity. Eleven 

patients (six males and five females) chose to continue with the r-hGH therapy (see 

table BR.1).

BR.2. Serum insulin-like growth factor !

The distribution of the data were not normal (figure BR.2a); however, square root 

transformation resulted in a near normal distribution (Shapiro-Wilk statistic=0.897; 

figure BR.2b). Original data are presented in the figures below; however, statistical 

analysis were carried out on square root transformed values. The mean serum IGF-I 

value for the GH-deficient subjects was 150+/-20ng/ml. Following r-hGH treatment, 

patients showed a statistically significant increase (52-61%, x̂ <Q.QQ\, figure BR.2c) in 

IGF-I levels. The primary increase in serum IGF-I occurred following six months r-hGH 

therapy, with IGF-I levels appearing to plateau at twelve months.

Male serum IGF-I levels were 28% greater than in females {^=0.00\5, figure BR.2d). 

Treatment with r-hGH resulted in similar increases, for serum IGF-I, for both males 

(47-53%, p<0.001) and females (55.5-63%, p=0.0012,//gwrg BR.2d). In addition to 

gender, patient age was also shown to influence the serum IGF-I profile. There 

appeared to be greater levels of serum IGF-I in the 35-44 years age bracket, as 

compared with younger (25-34 years; 44%, p=0.007) and older (45-53 years; 30.5%, 

t-test p=0.025, figure BR.2e) subjects. Analysis of data, by two-way ANOVA, failed 

to reveal any interaction between either r-hGH treatment and gender or age, or between 

gender and age against each other. There was no evidence to suggest that patients who 

requested to continue on r-hGH substitution had any differing serum IGF-I levels to 

those patients who declined further use.
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A negative correlation was observed between patients serum IGF-I values, and their 

levels of T4 (Spearman correlation=-0.53, p<0.001). There was no correlation observed 

between T3 values and the circulating IGF-I levels.

Summary

► Serum IGF-I levels are low in GH-deficient patients and increase markedly 

within six months of r-hGH substitution. There is no further rise in serum IGF-I 

in patients treated with r-hGH for twelve months.

► Male subjects have greater levels of serum IGF-I than female patients.

► The subjects aged 35-44 years show elevated serum IGF-I levels as compared 

with older and younger patients.

► A negative correlation exists between serum IGF-I and serum free T4.
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Table BR I. Individual patient characteristics, clinical history and trial groups.

patient age

at

start

of

trial

(y)

sex

(male

or

female)

cause of 

GHD

durat

ion of 

GHD 

at

start of

trial

(y)

additional 

substitution 

during trial

r-hGH

or

placebo 

for first

six

months

r-hGH 

continued 

at end of 

trial (yes 

or no)

1 45 male pituitary

adenoma

surgery

2 testosterone r-hGH yes

2 38 male pituitary

apoplexy

2 thyroxine

hydrocortis

one

testosterone

r-hGH no

3 53 male chromoph

obe

adenoma

surgery

5 thyroxine

hydrocortis

one

testosterone

placebo yes

4 37 female pituitary

tumour

surgery

I none placebo no

5 27 female craniophar

yngioma

surgery

2 none placebo no

6 29 male prolactin

oma surgery

12 thyroxine

hydrocortis

one

testosterone

r-hGH yes
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7 28 female craniophar

yngioma

surgery

15 thyroxine

hydrocortis

one

Estrapak

vasopressin

placebo yes

8 25 male juvenile

astrocytoma

surgery

1 none placebo yes

9 53 male Cushing's

disease;

surgery

hydrocortis

one

fludrocortis

one

placebo yes

10 48 female chromoph

obe

adenoma

surgery

1 thyroxine

hydrocortis

one

Prempak C

placebo yes

11 48 male chromoph

obe

adenoma

surgery

1 thyroxine

hydrocortis

one

testosterone

placebo no

12 39 female prolactin

oma surgery

1 hydrocortis

one

Prempak C

placebo yes

13 46 female prolactin

oma surgery

2 Prempak C r-hGH no

14 46 male prolactin

oma;

bromocript

ine

treatment

3 thyroxine

prednisolone

testosterone

placebo yes
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15 37 female prolactin

oma;

bromocript

ine

treatment

13 none r-hGH yes

16 32 female craniophar

yngioma

surgery

2 thyroxine

hydrocortis

one

microgynon

placebo no

17 46 female pituitary

tumour

surgery

1 thyroxine

hydrocortis

one

Estrapak

placebo yes

18 35 male Cushing's

disease;

surgery

1 thyroxine

hydrocortis

one

testosterone

r-hGH no

19 51 male chromoph

obe

adenoma

1 thyroxine

hydrocortis

one

testosterone

r-hGH yes

20 34 female Sheehan's

syndrome

2 thyroxine

prednisolone

ethinyloestra-

diol

norethisterone

r-hGH yes
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Figure BR.2a: Graph showing data distribution for serum IGF-I (ng/ml). Samples from 
patients at the three trial stages.
Expected normal distribution also shown.
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Figure BR2b; Graph showing data distribution for serum IGF-I following square root 
transformation. Samples from patients at the three trial stages 
Expected normal distribution also shown
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Figure BR.2c: Histogram showing serum IGF-I levels.
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH.
Error bars show standard error o f the mean (SEM), ***p<0.001.
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Figure BR.2d: Histogram showing gender differences for serum IGF-I levels. 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH.
Error bars show SEM, ***p<0.005.
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Figure BR.2e: Histogram showing age differences for serum IGF-I levels. 
Error bars show SEM, *p<0.05.
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BR.3. Thyroid hormones

BR.3.1. Serum free 3,5 ,3-triiodothyronine

The data were not normally distributed (figure BR.3.la); however, logarithmic 

transformation resulted in a near normal distribution (Shapiro-Wilk statistic=0.865, 

figure BR.3.lb). Original data is presented in the figures below; however, statistical 

analysis was carried out on logarithm transformed values. The serum levels of free T3 

decreased (15.4%, ^=0.0A1, figure BR.3. Id) in the placebo arm of the study. There 

were no statistical changes in T3 levels with r-hGH therapy, though a trend existed 

(9.5-\5.2Vo, figure BR.3.Id) for T3 levels to be reduced as compared with the baseline 

untreated group. Expressing data relative to the baseline GH-deficient group revealed 

a similarly significant decrease of T3 in the placebo group (data not graphically 

presented, p=0.013).

The reduction in T3 observed in the placebo group, as compared with the baseline 

group, was particularly prominent for female patients (23.7%, p=0.043, figure 

BR.3.Id). Following two-way ANOVA analysis, there were no interactions found 

between gender and r-hGH therapy. Age of subjects was found not to be a significant 

variable for T3 levels (figure BR.3.le).

Data were examined with regard to those patients on maintenance T4 replacement. 

There were no significant differences in T3 levels overall between those patients 

receiving T4 and those without. Higher levels of T3 in the baseline GH-deficient group, 

as compared with the placebo group, were observed for patients on T4 substitution 

(20.5%, p=0.041,//gwre BR.3.If). The latter changes could not be ascertained for 

euthyroid subjects, due to small numbers (figure BR.3.If). The placebo group, for 

patients on T4 replacement, appeared to exhibit lower levels of T3 than the placebo 

group in the euthyroid subjects, however, this was not a significant finding (7%, t-test 

p=0.182). A positive correlation was observed overall between serum T3 and T4 levels 

(Spearman correlation=0.353, p=0.006).

A distinct gender difference was observed between patients on T4 replacement and 

those without. Hence, though euthyroid patients displayed higher levels of T3 in males 

than females (18.8%, p=0.0\9, figure BR.3.1g), those on T4 maintenance were shown 

to have greater levels of T3 in females (12.6%, ^=0.016, figure BR.3.1g).
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Summary

► T3 concentrations are reduced in the placebo period as compared to the 

baseline levels and, following r-hGH therapy, values appear to remain below the 

baseline group.

► The reduction of T3 levels in the placebo group is particularly prominent in 

females.

► There is a positive correlation between serum free T3 and T4 values.

► For patients receiving T4 replacement, T3 levels are higher in females as 

compared to males. Conversely, patients not receiving T4 substitution display 

greater concentration of T3 in males as compared to females.

BR.3.2. Serum free thyroxine

Following data distribution analysis, a normal distribution of the data were not 

established {figure BR.3.2a). Square root transformation of the data resulted in a near 

normal distribution (Shapiro-Wilk statistic=0.894,/zgz/rg BR.3.2b). Original data are 

presented in the figures below; however, statistical analysis was carried out on square 

root transformed values. The levels of T4 were higher in the baseline GH-deficient 

group (figure BR.3.2c) as compared to placebo (21.3%, t-test p=0.073), six month r- 

hGH treated (24.8%, p=0.0015), and twelve month r-hGH treated (40.3%, p=0.0015) 

patients.

Male subjects demonstrated reduced levels of T4 in the r-hGH treated group as 

compared to both the baseline subjects (31%, î =Q.QOA\ figure BR.3.2d) and the placebo 

group (12%, t-test p=0.019). In females, after data were expressed as a percentage of 

the baseline group, both placebo (11%, t-test p=0.027) and r-hGH treated subjects 

(11%, t-test p=0.028) exhibited reduced concentration of T4 as compared to the 

baseline patients (data not graphically presented for percent baseline; see figure 

BR.3.2d).

Age of subjects was shown to influence T4 levels. Patients in the 25-34y bracket, and 

those in the 45-53y bracket, had greater T4 levels than those in the 35-44y group 

(30.2% and 33.8% respectively, figure BR.3.le). Two way ANOVA analysis

failed to reveal any interaction between either r-hGH treatment and age or gender, or 

between age and gender against each other.
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Examination of the data to distinguish those patients on T4 replacement and those 

without was carried out. Patients on T4 maintenance had a greater level of this 

hormone in their serum (26.9%, figure BR.3.2e) than in euthyroid patients.

Higher levels of serum T4 in the baseline GH-deficient group, as compared with all 

other groups, were observed for patients on T4 substitution (27.4-46.3%, p<0.05, 

figure BR.3.2e), Euthyroid subjects displayed similar changes, though of a reduced 

amplitude; however, these results were only significant for r-hGH treated subjects 

(13.8-22.3%, p=0.051, figure BR.3.2e). For patients on T4 replacement, females 

exhibited greater (22.1%, \)=0.024, figure BR.3.2J) levels of serum T4 than males, an 

effect not observed for patients not receiving T4 substitution.

A positive correlation was observed between serum T3 and T4 levels (Spearman 

correlation=0.353, p=0.006). Conversely, a negative correlation was observed for T4 

and serum IGF-I (Spearman correlation=-0.53, p<0.001).

Summary

► T4 levels are higher in the baseline GH-deficient subjects as compared to the r- 

hGH treated and possibly placebo group.

► Both males and females exhibit reduced T4 concentrations following r-hGH 

therapy, as compared to the baseline subjects.

► Only females exhibit significantly lower T4 values after six months placebo.

► Patients in the 25-34y bracket, and those aged 45-53y, have higher levels of T4 

than subjects aged 35-44y.

► Patients on T4 substitution exhibit greater circulating levels of this hormone as 

compared with subjects not on T4 therapy.

► The reduction in T4 levels following r-hGH treatment is particularly prominent 

in patients receiving T4 substitution.

► Only patients on T4 therapy exhibit a statistical reduction in T4 values following 

placebo administration.

► Females have greater levels than men of T4 in patients undergoing T4 

maintenance.

► There is a positive correlation between serum free T3 and T4 values and a 

negative correlation between T4 and serum IGF-I levels.
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Figure BR.3.1a: Graph showing data distribution for triiodothyronine (T3, pmol/l) 
Samples taken from patients at the three trial stages.
Expected normal distribution also shown.
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Figure BR3.1b: Graph showing data distribution for triiodothyronine (T3), following 
logarithm transformation. Samples taken from patients at the three trial stages. 
Expected normal distribution also shown.
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Figure BR.3.1c: Histogram showing triiodothyronine (T3, pmol/l) concentration, 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/l2m  =patients after six or twelve months r-hGH 
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GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH 
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Figure BR.3.le: Histogram showing age differences for triiodothyronine (T3, pmol/l) 
and thyroxine (T4, pmol/l) concentrations.
Error bars show SEM, ***p<0.001.
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Figure BR.3.If: Histogram showing triiodothyronine (T3, pmol/l) concentration for 
euthyroid patients and those receiving thyroxine (T4) replacement 
GHD-Om-patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH 
Error bars show SEM, *p<0.05.
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Figure BR.3.1 g; Histogram showing gender differences for triiodothyronine (T3, 
pmol/l) concentration, patients divided into euthyroid and those receiving thyroxine 
(T4) replacement.
Error bars show SEM, *p<0.05.
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Figure BR.3.2a: Graph showing data distribution for thyroxine (T4, pmol/l). Samples 
from patients at the three trial stages.
Expected normal distribution also shown.
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Figure BR3.2b; Graph showing data distribution for thyroxine (T4) following square 
root correction. Samples taken from patients at the three trial stages.
Expected normal distribution also shown.
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Figure BR.3.2c: Histogram showing thyroxine (T4, pmol/l) concentration, 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH 
Error bars show SEM, ***p<0.005.
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Figure BR.3.2d: Histogram showing gender differences for thyroxine (T4, pmol/l) 
concentration.
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH
Error bars show SEM, ***p<0.005, *p<0.05; dotted line refers to significant 
differences with data expressed as a percentage o f the baseline group (see text BR.3.2).
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Figure BR3.2e: Histogram showing thyroxine (T4, pmol/l) concentration for euthyroid 
patients and those receiving thyroxine replacement.
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH.
Error bars show SEM, ***p<0.005, *p<0.05.
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Figure BR3.2f: Histogram showing gender differences for thyroxine (T4, pmol/l) 
concentration; patients divided into euthyroid subjects and those receiving thyroxine 
replacement
Error bars show SEM, *p<0.05.
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BR.4. Urinary total pyridinoline crosslinks

Data distribution analysis revealed a non-normal distribution for total pyridinoline 

(figure BR4a). Logarithm transformation of the data resulted in a near normal 

distribution (Shapiro-Wilk statistic=0.907,//gwrg BR.4b). Original data is presented in 

the figures below; however, statistical analysis was carried out on logarithm 

transformed data. Following six months r-hGH therapy there was a significant increase 

in total pyridinoline over the baseline GH-deficient and placebo groups (48.6% and 

46.9% respectively, figure BR.4c). There appeared to be a plateauing effect

at twelve months of r-hGH therapy for total pyridinoline. However, the combined r- 

hGH treated group (six and twelve months) displayed an overall increase over the 

baseline GH-deficient and placebo groups (47.1% and 45.4% respectively, p<0.001, 

figure BR. 4c).

On examination of gender differences, the increase in total pyridinoline observed 

overall, on r-hGH treatment, appeared to be demonstrated in males only (59.3% for 

GH-Om, 64.1% for P-6m, p<0.001,//gwrg BR.4d). However, expression of the data as 

a percentage of the baseline patient values, showed an increase in both sexes for total 

pyridinoline (males 54-55%, p<0.001; females 39-40%, p=0.043,//gwre BR.4e). 

Pyridinoline levels were also shown to be influenced by age of the patient. Trial subjects 

in the 25-34y group and those in the 35-44y bracket displayed a greater (25-34y 11.5%, 

t-test p=0.022; 35-44y 13.7%, figure BR.4f) concentration of pyridinoline

than patients aged 45-53y. Analysis of data by two way ANOVA failed to reveal any 

interaction between r-hGH treatment and gender or age, or between age and gender 

against each other.

There was a positive correlation between total pyridinoline levels and serum IGF-I 

(Spearman correlation for serum IGF-I =0.415, p=0.001) and a negative correlation 

with T4 values (Spearman correlation for T4 =-0.35, p=0.006). ANOVA analysis failed 

to reveal any link between total pyridinoline levels and either subjects on T4 

replacement or wishing to continue on r-hGH substitution therapy.

Summary

> Total pyridinoline levels are elevated on r-hGH therapy as compared to baseline 

and placebo groups.
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Both males and females demonstrate an increase in pyridinoline concentration 

following r-hGH substitution.

The older subjects (45-53y) have reduced levels of total pyridinoline as 

compared to younger patients (25-44y).

A positive correlation exists between serum IGF-I and pyridinoline levels, whilst 

a negative correlation for pyridinoline is found with T4 values.
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Figure BR.4a: Graph showing data distribution for urinary pyridinoline (total 
crosslinks in nmol/mmol creatinine). Samples from patients at the three trial stages. 
Expected normal distribution also shown.
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Figure BR.4b: Graph showing data distribution for urinary pyridinoline (total 
crosslinks) following logarithm correction. Samples taken from patients at the three trial 
stages
Expected normal distribution also shown.
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Figure BR4c; Histogram showing urinary pyridinoline (total crosslinks in nmol/mmol 
creatinine).
GHD-Oni=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH 
Error bars show SEM, ***p<0.001.
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Figure BR.4d: Histogram showing gender differences for urinary pyridinoline (total 
crosslinks in nmol/mmol creatinine) concentration
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH.
Error bars show SEM, ***p<0.001.
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Figure BR.4e: Histogram showing gender differences for total urinary pyridinoline 
crosslinks expressed as a percentage of the baseline group
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH 
Error bars show SEM, *p<0.05, ***p<0.001.
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Figure BR.4f; Histogram showing age differences for urinary pyridinoline (total 
crosslinks in nmol/mmol creatinine) concentration.
Error bars show SEM, *p<0.05, **p<0.01.
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Chapter 2 

Discussion

BD.l. Patient responses to recombinant human growth hormone therapy

The normal treatment regime consisting of daily subcutaneous r-hGH injections in the 

evening results in a serum IGF-I profile which is intermediate between pulsatile and 

continuous delivery The mean dosage of 3.0 lU/day (seeBM.2.) was above the 2.0 

lU/day ceiling suggested by De Boer et al The latter group identify doses of r-hGH 

above 2.0 lU/day as constituting supraphysiologic replacement, and attribute most 

symptoms of fluid retention to dosages above 4 lU/day. Hence, the fluid retention 

exhibited by trial patients can be ascribed to the high dose of r-hGH utilised in the 

present investigation.

BD.2. Serum insulin-like growth factor I

Serum IGF-I levels in the GH-deficient subjects before r-hGH therapy were comparable 

with those in other studies on GHD (see However, IGF-I concentrations before 

treatment were not below the normal range (normal range 114-314ng/ml; see 

22,i88,2i6,2i7y results from the present study reinforce the increased awareness that 

serum IGF-I cannot be regarded as a completely reliable index of the GH-deficient 

status of the individual Thorner et al suggest that the weak relationship 

between GHD status and circulating IGF-I levels may be due to the multifactorial 

regulation of IGF-I. Following r-hGH therapy, a prominent increase in serum IGF-I 

occurred which resulted in levels in the upper normal range. This elevation in serum 

IGF-I to values approaching supraphysiologic concentrations (mean IGF-I in ACRs 

420ng/ml 712ng/ml is indicative of the need to carefully monitor the IGF-I 

profile during clinical trials on GH-replacement.

Daughaday,W.H. and Rotwein,P. have shown serum IGF-I levels in males (mean 

184ng/ml) to be greater than those in females (mean 120ng/ml) in I8-40y normal 

subjects. Similar values for serum IGF-I were obtained prior to treatment in this study, 

with the gender difference maintained during r-hGH substitution. Johannsson et al 

demonstrated a 33.5% increase in serum IGF-I levels overall on r-hGH therapy, and 

reported that this elevation was more pronounced in men. Though results concerning
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the latter finding were not shown, this sex difference was apparently maintained even 

after adjusting values for body composition Further aspects to gender-specific 

responses during r-hGH therapy will be evaluated in the general discussion.

The reduction in serum IGF-I levels in the post-45 y bracket, as compared to the 35- 

44y group, confirms the known reductions in serum IGF-I levels with age (see 

chapter 4\ DI.1.2 & table D I.l). Hence, after peak levels of IGF-I are achieved 

during puberty, there is a gradual decline in serum IGF-I levels with age 

However, the lower serum IGF-I levels in the 25-34y bracket, as compared to the 

35-44y bracket, are against the expected pattern. Apart from Johannsson et al 

who reported an inverse correlation between age and increases in lean body mass, 

there do not appear to be many studies which have investigated age-related 

responsiveness to r-hGH therapy in GH-deficient adults. The peculiar finding of 

lower IGF-I levels in the 25-34y age group can be understood as a general feature 

of GHD. An alternative explanation may be that skewness in the patient age brackets 

occurred during the course of the study. The mean serum IGF-I levels in the 25-34y 

age group were in the low-normal range for serum IGF-I, whilst those in the 35-44y 

bracket were in the high-normal range. Hence, if a number of patients receiving r- 

hGH therapy crossed from the 25-34y bracket to the 35-44y group during the course 

of the trial, then this would reflect in the IGF-I profile. An examination of patient 

characteristics indicated only one patient made such a transition, thus, this 

explanation is not sufficient. There is the consideration, however, concerning 

amalgamation of all data points, at differing trial stages, into one analysis. Despite, 

two-way ANOVA indicating otherwise, the possibility of r-hGH treatment 

influencing parameters in this type of analysis cannot be dismissed. Further, due to 

small patient numbers, these analyses are only practical if patient values are 

incorporated from each of the trial stages. There is a concern, with the latter 

methodology, of unduly weighting individual patient responses which may not be 

reflective of the overall situation. The data were thus re-examined with age groups 

assessed according to patient GH status. Only patients before r-hGH therapy 

exhibited significantly lower levels of serum IGF-I in the 25-34y group as compared 

to the 35-44y subjects (32%, p =0.048). It can be assumed, therefore, for trial 

subjects in the present investigation, that the severity of GHD (if serum IGF-I levels
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are taken as an indicator), is particularly prominent in the 25-34y group. Further 

studies are warranted to establish if the latter result was particular to this group of 

patients, or, whether it constitutes a normal feature of adult GHD.

BD.3. Serum free 3,5 ,3-triiodothyronine and free thyroxine

Both serum free T3 and T4 concentrations exhibited a similar decline following r-hGH 

therapy when compared to baseline levels. This finding was in contrast to several 

reports which suggest that increased extrathyroidal conversion of T4 to T3 occurs 

following r-hGH therapy in adult GH-deficient subjects 10-18,22,202,207,208,222 latter 

studies have indicated that the enhanced conversion rate of T4 to T3 is mediated 

through an increase in levels of IGF-I. Conversely, it has been shown that adult 

hypopituitary patients with T4-substituted central hypothyroidism, exhibit low T3 levels 

despite T4 concentrations well within the normal range, and following r-hGH therapy 

T3 levels are normalised An alternative process in subjects with intact pituitaries may 

involve SS feedback inhibition of pituitary thyroid stimulating hormone production 

However, the precise mechanism for GH influence on thyroid hormones is yet to be 

elucidated. Further, in the present study, not only was there a decline in both T3 and 

T4 levels with r-hGH substitution, but this reduction appeared to occur in the placebo 

period as well. Examination of the data revealed two apparent influencing variables. 

Females appeared to reflect the decrease in T3 and T4 rather than males. In addition, 

patients on T4 substitution showed a reduction in T3 and T4 which was not observed 

in euthyroid subjects.

Jorgensen et al ^  also demonstrated, for free T4 and T3 levels in their group of GH- 

deficient adults, more marked changes in patients on T4 replacement. Hence, 

following four months r-hGH therapy, they noted decreases in free T4 of 6% 

(euthyroid) and 24% (on T4 replacement), and increases in free T3 of 10% 

(euthyroid) and 16% (on T4 replacement). It can thus be suggested that the primary 

reason for declines in free T4 and T3 levels during the placebo period were due to 

altered sensitivity towards T4 substitution. An influence of sex hormones on this 

process can also be postulated given the reduction in females only, during the 

placebo period, of both T4 and T3 levels. Also relevant to the latter suggestion are 

the greater levels of T3 and T4 in female patients on T4 replacement.
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The finding of reduced T4 levels in the 35-44y age group probably reflects the 

negative correlation of T4 with serum IGF-I values; the latter being elevated in 

subjects aged 35-44y (cf. figure BR.3.le  8l figure BR.le).

What are the physiological consequences of the overall changes in thyroid hormones? 

The initial finding by Lippe et al of declining free T4 and T3 levels in GH-deficient 

children, were assumed to reflect a GH-mediated suppression of thyroid function. 

However, this notion was difficult to reconcile with the growth promoting and 

calorigenic actions of GH, some of which are believed to be inter-related with thyroid 

hormones function Subsequent studies have shown that free T3 levels are increased 

rather than decreased by r-hGH treatment, with T4 concentrations demonstrating a 

decline. Monson et al have reconciled these apparent discrepancies by suggesting 

that GH-induced elevated T3 levels only occur in patients with an intact thyroid 

stimulating hormone reserve, whilst subjects with hypothyroidism showed a less marked 

fall in T4 and no alteration in T3 levels. Of relevance to the present investigation may 

be the observation that fluctuations in levels of T3 and T4, including for patients on T4 

replacement, occurred within the normal range. A decline in free T4 below 10 pmol/l 

or fi-ee T3 levels below 4.5 pmol/l would be considered to be indicators of hypothyroid 

status Therefore, the explanation by Monson et al would not appear to apply 

in this study given the presence of normal T4 levels.

Part of the alterations may have been due to thyroid hormones BP influences which 

would have become apparent from an examination of the total T4 and/or T3 profile 

(not carried out in this study). A further explanation may lie in the kinetics of GH 

action on thyroid hormones. De Boer et al have surmised from the available 

evidence that maximum inducement of thyroid hormones, following r-hGH

therapy, occurs within six weeks and that after this period thyroid hormone levels 

tend to decline. Though Salomon et al demonstrated maximal levels of free T4 and 

T3 at one month of r-hGH therapy, the other studies mentioned by Boer et al fail to 

confirm these data. Bengtsson et al were able to show that free T3 levels remained 

elevated over a six and twenty-six week treatment period, whilst free T4 

concentrations were reduced at six weeks and had returned to pre-treatment levels 

by twenty-six weeks. A similar picture was shown by Binnerts et al with T4 levels 

reduced at six months and T3 levels elevated. Nevertheless, it is apparent that more
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frequent evaluations of thyroid hormone levels during the course of r-hGH 

substitution trials, will provide a more complete understanding of the interactions 

between GH and thyroid hormones.

In summary, the decline in T4 and T3 concentrations following six and twelve 

months of r-hGH therapy, can be ascribed to increased utilisation of these hormones. 

These decreases were within the normal range and may also indicate a trend towards 

normalisation as suggested by De Boer et al The parallel reduction in these 

hormones during the placebo period may be due to, as yet unclear, interactions 

between administered T4 and sex hormones. The relatively high-normal levels of 

thyroid hormones in all trial patients at the start of the trial, may have been why 

further enhancement of T3 concentration did not occur during the course of this 

investigation, though measurements at more frequent time points may have provided 

evidence of a transient, IGF-I mediated, T4 to T3 conversion.

BD.4. Urinary total pyridinoline crosslinks

The concentration of total pyridinoline in the urine of adult GH-deficient subjects was 

low as compared to control values obtained using the same protocol (mean baseline 

=26nmol/mmolCr; mean control =37.5nmol/mmolCr) and increased following r-hGH 

therapy. Bone resorption is known to reflect increased bone turnover and hence total 

pyridinium assays can serve as indices of both processes; however, assessment of 

skeletal metabolism should include a combination of different markers so that the 

balance between formative and resorptive events can be adequately evaluated. 

Unfortunately, only pyridinium cross-links were performed as part of the present 

investigation; the inclusion of bone formation markers, such as serum alkaline 

phosphatase and osteocalcin, could have provided complementary information. Since 

r-hGH administration is known to stimulate both bone formation and resorption, thus, 

it can be assumed that the present investigation has confirmed previous observations 

concerning the beneficial effects of r-hGH therapy on bone turnover 18,28,211,225,226 

However, no changes in bone mineral density (data not shown) were observed in this 

study following r-hGH therapy. Bone mineral density is known to be low in adult GH- 

deficient subjects Wuster,C. has interpreted the failure to demonstrate

increases in bone mineral density in studies with six months r-hGH substitution, as a
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consequence of the increased bone resorption. Further, Vandeweghe,M. points out 

that each cycle of bone turnover takes about six months, and suggests that observations 

on four or five cycles is needed before the effect on bone mass can be assessed. As 

such, only after thirty months of r-hGH therapy was bone mineral density increased in 

childhood-onset GH-deficient adults Similarly, both Degerblad et al ^^̂ and Rosen 

et al ^  were able to demonstrate significant increases in bone mineral density in adult- 

onset GH-deficient patients only after eighteen (and not after twelve) months r-hGH 

treatment.

Total pyridinoline levels were similar between males and females before r-hGH therapy, 

and both sexes exhibited a significant increase following r-hGH treatment. However, 

the increase in males was more pronounced than in females. Peak bone mass in men is 

25% to 30% higher than in women If bone resorption increases can be regarded as 

indicative of a net positive influence on bone formation, then the gender difference in 

pyridinoline levels may be explained as a result of the known greater increments in lean 

body mass in male, as compared to female, r-hGH treated subjects 

The finding of low pyridinoline levels in 45-53y subjects suggests that bone resorption 

in this age group was lower than that of younger subjects. Peak bone mass is reached 

between the thirty and forty years of age and is then followed by a gradual loss of bone 

mass in both sexes This process involves an alteration in the balance of bone 

turnover, resulting in more bone resorption than formation Due to lack of 

information on bone formation in the present study, it is difficult to explain the low 

levels o f pyridinoline in older subjects. However, a substantial decrease in the older 

patients of bone formation markers may have indicated an overall decline in bone 

turnover in this age bracket.

The positive correlation between serum IGF-I levels and pyridinoline concentrations is 

consistent with GH-mediated bone turnover. However, the precise mechanism (see 

general discussion, F.2.1.) is believed to partly involve IGF-I action on bone formation 

and direct GH actions on bone resorption A positive correlation between bone 

density and serum IGF-I levels is known however, the lack of correlation with T4 

in the present study is a little surprising. Both T3 and T4 are known to stimulate bone 

resorption directly in a dose-dependent manner Hence, hyperthyroidism is
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associated with an increase in bone turnover The lack of correlation with T4 may 

relate to the altered influences of GH on shared pathways for bone resorption.

BD.5. Synopsis of the investigation

The findings from this chapter include the demonstration of decreased thyroid 

hormones during the course of the clinical trial. These results indicate the need for 

careful evaluation of data from this study for the possible influence of these hormones. 

Further aspects to this investigation concern the positive influences of r-hGH therapy 

on serum IGF-I and on a marker of bone resorption. Hence, an elevation of circulating 

IGF-I concentrations has been correlated with increased fimction in a particular target 

of GH action. It should thus be possible to link further targets of GH with the levels of 

the known mediator for GH. In so doing, part of the mechanism of GH effects may be 

clarified. In the subsequent chapters an attempt at evaluating the pathway of GH action 

will be attempted in skin and muscle, two targets of GH with known functional changes 

inGHD.
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CHAPTER 3 

A N  INVESTIGA TION INTO THE 

THERMOREGULATORY APPARATUS IN  ADULT 

GRO WTH HORMONE DEFICIENCY AND 

ACROMEGALY.
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Chapter 3 

Introduction

Cl. The regulation of body temperature 

CI.1. Central control of thermoregulation

Temperature changes in the arterial blood flowing through the preoptic area and 

anterior hypothalamus are detected by neurons which send impulses to the posterior 

hypothalamus. The latter area also receives impulses from cutaneous and spinal 

thermoreceptors allowing the integration and activation of thermoregulatory responses 

to maintain a constant body temperature. To the concept of a thermoregulatory centre 

in the hypothalamus needs to be added the more recent discovery of integrative 

responses involving many other regions of the brain.

Thermosensitive neurons may be cold- or warm-sensitive, with low and high positive 

responses to temperature respectively. The activity of opposite sets of thermo sensitive 

neurons may be dependent on the degree to which they register differences from a 

hypothalamic 'set-point' temperature. Alternatively, it has been proposed that these 

neurons may alter their sensitivity following a change in body temperature. Hence, a 

rise in mean skin temperature decreases the core temperature threshold of thermal 

sweating. The converging excitatory and inhibitory influences determine the subsequent 

pathways of thermogenesis. These can be broadly divided into the behavioural and 

autonomic responses. Behavioural thermoregulation involves conscious temperature 

sensations as well as emotional feelings of thermal status and the subsequent steps taken 

to adjust to the environment. Autonomic responses encompass shivering mediated by 

somatic motor nerves, non-shivering metabolic thermogenesis mediated by sympathetic 

and sympathoadrenal pathways, as well as cutaneous blood flow, piloerection, 

endocrine responses, and sweating.

CI.2. Sweat glands; eccrine and apocrine

There are two classes of glands in mammalian skin, the epitrichial glands (associated 

with hair follicles) which usually secrete by a process of partial (apocrine) or complete 

(sebaceous) cellular disintegration, and the sweat secreting atrichial or eccrine gland 

The precise role of the apocrine 'sweat' glands in humans is debatable; their innervation
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is sympathetic cholinergic but they also have an adrenergic component The

apocrine glands secrete a hypotonic fluid which contains protein, reducing sugar and 

ammonia, and these may provide the components of the human pheromones The 

principal fimction of the human eccrine sweat glands (ESGs) is thermoregulation with 

an ability to secrete as much as 1 litre per hour of sweat when exposed to a hot 

environment, which theoretically allows the dissipation of 675 W of thermal energy 

235,237 ^  increase in core temperature is about nine times more efficient than changes 

in skin temperature in stimulating the sweating aspect of thermogenesis In addition 

to heat, sweating is also induced by emotional state, exercise, fainting, vomiting and 

gustatory factors ESGs are distributed throughout the body surface (totalling more 

than 2x10^). However, those on the palms and soles are primarily responsive to mental, 

emotional and sensory stimuli Density of the ESGs in adults varies from 64 

glands/cm^ on the back, 108 glands/cm^ on the forearm, and 600 glands/cm^ on the 

palms and soles The actual number of ESGs does not change after birth hence the 

density of glands decreases with growth

The structure of the ESG consists of a tightly spiralled secretory coil in the reticular 

dermis and a duct which comprises a coiled segment, a straight segment and a 

corkscrew terminal channel which leads to an opening on the epidermal surface (see 

p/a^e 1) Secretory coil diameter varies from 60-80pm with a length of 2-5mm in 

normal adults A myoepithelial layer, consisting of spindle shaped cells, separates the 

epithelium from the basement membrane, provides structural support in the secretory 

coil and may be actively involved in sweating responses The pseudostratified 

columnar epithelium consists of secretory/serous 'clear' cells and mucoid 'dark' cells 

Sweat is a dilute electrolyte solution that contains mainly NaCl, K, bicarbonate, 

and inorganic compounds such as lactate, urea and ammonium An isotonic serous 

precursor of eccrine sweat is derived from the clear cells whilst muco sub stance in 

eccrine sweat is believed to originate from the dark cells Generation of the sweat 

precursor requires active transport of sodium from secretory cells involving a Na-K- 

ATPase and oxidative phosphorylation of plasma glucose though other pathways 

utilising glycolysis and lactate production also exist With heat acclimatisation, the 

NaCl concentration of the sweat decreases so that NaCl is conserved
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The duct has luminal and basal cuboidal cell layers. The luminal cells contain folds and 

microvilli and are principally involved with sodium and chloride reabsorption from the 

sweat precursor In cystic fibrosis, an autosomal recessive disorder characterised by 

dysfunction of epithelial transport processes, a target organ is the ESG Hence, a 

defect in the ductal segment results in abnormally high levels of sodium chloride in 

sweat from these patients The normal reabsorption mechanism involves a cAMP 

dependent pathway which regulates chloride ions and a calcium based mechanism for 

active transport of sodium ions The major regulatory defect in cystic fibrosis is in 

the cAMP pathway About 1% of ESGs have branched ductal segments joining 

several secretory coils

CI.3. Eccrine sweat gland innervation, neurotransmitters and functional tests

Central control of sweating is mediated via efferents from the hypothalamus to the 

medulla which mostly cross at the level of pons, thence to the lateral horn of the spinal 

cord where they synapse onto preganglionic sympathetic neurons. Preganglionic sweat 

fibres innervating the head, neck and chest are supplied by C8 to T4 (C8 to T1 more 

important), the arms by T2 and T3 and perhaps T4 to T7, the trunk by T5 to T12, and 

the legs by T9 to L3. Axons leaving the lateral horn via the ventral roots synapse in the 

pre- and para- vertebral sympathetic ganglia. The postganglionic axons are 

nonmyelinated C fibres which join the peripheral mixed nerves, and eventually reach the 

ESGs."""'"""'""'

Nerve fibres to the ESGs branch repeatedly in the skin and innervate the secretory coil 

237,249,250 ^  (Jensc nctwork or 'ground plexus' of very fine fibres is found encircling the 

ESG with individual fibres exhibiting a series of varicosities along their length, these 

being the prejunctional endings """. Each fibre innervates many secretory coils and every 

secretory coil is probably innervated by several different sudomotor neurones """. One 

or two axons accompany the sweat ducts toward the skin surface 

Acetylcholine (ACh) was recognised as the terminal neurotransmitter in the sympathetic 

innervation to the sweat glands in 1934 following the demonstration of ACh release 

on stimulation of nerves to rat footpads. This was subsequently confirmed in humans 

by the histochemical visualization of acetylcholinesterase (AChE), the enzyme 

responsible for ACh hydrolysis at nerve terminals More recently, abundant
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choline acetyltransferase, one of the key enzymes in ACh synthesis, was demonstrated 

in ESG nerve fibres by immunohistochemical techniques Sweating was found to 

be modulated by cholinergic agonists or antagonists acting via muscarinic cholinergic 

terminals (see table CI.l.) with physiological sweating completely inhibited by atropine, 

a muscarinic cholinergic antagonist

ACh is released from nerve terminals close to the ESG capsule and it enters the gland 

through the basal lamina and interstitial channels Binding of ACh to its muscarinic 

receptor (M2 subtype) on ESG secretory coils initiates second messenger systems 

which initially involve phospholipid hydrolysis (via a G-protein and phospholipase C) 

and the generation of inositol triphosphate The latter stimulate calcium release 

and subsequent activation of potassium and chloride currents; the secretory effluent 

fi'om rat ESGs is a high potassium and low sodium fluid Denervation of rat ESGs 

results in absence of muscarinic agonist-induced sweating However, muscarinic 

receptor affinity and numbers are unchanged suggesting that cholinergic innervation 

does not regulate receptor expression Similarly, sweating defects in aged and 

Alzheimer's disease subjects are not accompanied by changes in the density of ESG 

muscarinic receptors Hence, Ryer et al suggest that ageing and Alzheimer's 

disease may involve alterations in second messenger pathways.

Alternative sweating responses mediated by spinal- and axon-reflex arcs also exist in 

humans Transection of the spinal cord produces hypohidrosis below the level of 

interruption; however, sweating on the non-interrupted side can occur through spinal 

reflexes This polysynaptic reflex is used in the sympathetic skin response test of 

dysautonomia The spinal reflex involves diverse afferents, a common efferent 

pathway through the spinal cord, pre- and post-ganglionic sympathetic fibres and with 

ESGs as effectors Part of the afferent pathway may involve VTP-releasing 

thermosensitive cutaneous sensory fibres

Axon reflex sweating occurs through ACh binding to postganglionic sudomotor axons 

via nicotinic cholinergic receptors; these are characterised by their fast response times 

(1-2 milliseconds) The nerve impulse generated travels antidromically to a branch 

point and then orthodromically to release ACh at the nerve terminal where it binds to 

muscarinic receptors Local sweat production at the edge of ulcers, or in

inflammatory skin conditions, may be a consequence of stimulation of the axon reflex
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pathway 237,248,255 sweating induced by local application of nicotine (and some of 

the ACh response) is also due to axon reflex pathways (see table CI.L). The 

quantitative sudomotor axon reflex test utilises ACh iontophoresis as an indicator of the 

integrity of the postganglionic sudomotor axon 248,266,257

Adrenergic innervation to human ESGs was demonstrated by Uno in 1977 using 

histochemical visualisation of adrenergic nerve fibres and an electron microscopic 

demonstration of small dense-cored vesicles (300-600Â) to indicate adrenergic 

terminals. Adrenergic agonists can evoke sweating; however, the maximal secretory 

rate differs when compared with cholinergic drugs. Hence, in vitro, the sweat rate 

expressed as a proportion is 4:1:2 for cholinergic (methacoline), a-adrenergic 

(phenylephrine), and p-adrenergic (isoproterenol) stimulations in monkey palm 

secretory coils, and 5:1:1 in human ESGs in vivo and in vitro 234,233,245,255 

Second messenger systems for these neurotransmitters have been elucidated. For 

cholinergic and a-adrenergic mechanisms, a critical role of calcium and the 

phosphatidylinositol-protein kinase cascade in signal transduction has been 

demonstrated, though other factors may also be involved 234,259 Following incubation 

of isolated ESGs with isoproterenol, cAMP accumulation occurs. Hence, sweat 

induction via a p-adrenergic process is dependent on cAMP, though a minor role of 

calcium in this process has also been observed 2̂9,270 addition, methacholine has been 

shown to markedly augment the isoproterenol induced cAMP accumulation, via a 

calcium dependent pathway, though it has no effect on cAMP levels by itself 

In addition to the cholinergic and adrenergic components of sudomotor innervation, 

evidence for the presence of neuropeptides in the innervation to ESGs has been mainly 

obtained from immunohistochemistry studies. These include the neuropeptides VIP 

272-274̂ calcitonin gene-related peptide (CGRP) 275-277̂ galanin atrial natriuretic

peptide neurotensin peptide histidine methionine 279,280̂ and substance P (Sub P)
281,282

To elucidate the functional significance of these various transmitters/peptides it is 

important to understand the changes which occur in the innervation of the ESGs during 

development.
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a) Pharmacologic tests
Local intradermal/subcutaneous injections or iontophoresis of:
Nicotine; stimulates local intra-sympathetic axon reflex (via nicotinic 
receptors)
Methacholine, muscarine or pilocarpine; stimulate ESGs directly (via 
muscarinic receptors)
ACh; stimulates directly and by axon reflex 
Atropine; inhibits muscarinic cholinergic sweating 
Phenylephrine; stimulate cc-adrenergic sweating 
Isoproterenol; stimulate p-adrenergic sweating 
Prazosin; inhibit a-adrenergic sweating 
Propanolol ox alprenolol; inhibit p-adrenergic sweating 
6-hydroxydopamine or guanethidine; adrenergic neurotoxins
b) Histochemical and immunohistochemical methods
AChE  histochemistry and immunohistochemistry; cholinergic fibres 
ChAT  immunohistochemistry; cholinergic fibres 
Formaldehyde vapour histofluorescence; noradrenergic fibres 
Tyrosine hydroxylase {TH) immunohistochemistry; noradrenergic fibres 
Dopamine P-hydroxylase immunohistochemistry; noradrenergic fibres

Table C I.l. Methods for evaluating sweat gland function and innervation (adapted 
from Collins,KJ. and Habecker and Landis *̂̂ ).
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CI.4. Developmental changes in the innervation to eccrine sweat glands

Classical studies by Landis et al have established the developmental history of ESG 

neurotransmitter changes in rat footpads When sympathetic axons first contact

ESG primordia at 7 days after birth, they stain for catecholamines and for the 

noradrenaline synthesising enzymes dopamine p-hydroxylase, and tyrosine hydroxylase 

(TH) which catalyzes the rate-limiting step in the synthesis of noradrenaline. These 

fibres display no staining for ChAT or VIP and only limited AChE activity. However, 

as the glands and their innervation mature there is a gradual increase in staining for 

ChAT followed by the appearance of both VTPergic and AChE fibres at day 14. A 

corresponding decrease in staining for adrenergic markers occurs such that by day 21 

there are no endogenous catecholamines present, and very few fibres staining for TH 

and dopamine P-hydroxylase. The increases in cholinergic markers are necessary for 

nerve-evoked sweating to take place. Several elegant experiments have demonstrated 

that the switch in neurotransmitter phenotype is mediated by a soluble cholinergic 

differentiation factor (CDF) secreted by the ESGs.

The role of the ESGs, in specifying the properties of their innervating neurons, forms 

part of the broad neurotrophic hypothesis. Hence, innervated tissues produce a signal 

for their innervating neurons in development which may result in (i) selective neuronal 

survival, (ii) determination of neurite growth and size of dendritic arbors, and (iii) 

specification of neurotransmitters and neuropeptides. It is being increasingly accepted 

that the survival, maintenance and plasticity of adult and ageing neurones continue to 

depend on the availability of neurotrophic factors and other target-derived molecules 

(for reviews see 29o-296y

The retrograde specification of ESG innervation by CDF has recently been found to be 

preceded by anterograde signalling, resulting in the establishment of functional 

synapses. Hence, stimulation of CDF production is dependent on the release of 

noradrenaline from sudomotor nerves prior to their switch to a cholinergic phenotype 

Also, the acquisition and maintenance of secretory function, including muscarinic 

receptor activation, is conditional on the release of ACh from the glandular innervation, 

and not VIP or CGRP

In humans, ESGs begin to develop around the third month of gestation as a cord of 

epithelial cells growing from the epidermal ridge on the palms and soles and at about
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five months on the rest of the body From their initial appearance, the ESGs increase 

in number and differentiate morphologically until term Though studies on

innervation characteristics are limited, an early appearance of neuronal fibres 

immunoreactive for the general neuronal marker PGP9.5 (PGP) is observed in the 

subepidermal plexus at six weeks gestation, followed by the appearance of CGRP fibres 

in the dermis at seven weeks Primitive ESGs are first seen at seventeen weeks with 

PGP and VTP staining around them. CGRP fibres are now prominent in the 

subepidermal plexus, as are fibres in the dermis and around blood vessels which are 

immunoreactive for Sub P and NPY Thus, sensory innervation is assumed to 

precede autonomic innervation to the skin. However, staining for adrenergic markers 

or other cholinergic markers was not carried out in the above study. It has been shown 

in human axillary skin that the appearence of adrenergic innervation may be due to 

cholinergic nerves which have retained their ability to take up exogenous 

catecholamines Hence, it can be assumed that the cholinergic innervation in human 

skin may, like the innervation of rat ESGs, start out as catecholaminergic, though direct 

evidence is at present lacking in this regard.

It is also important to remember the differences between sweating in humans and rats. 

Hence, though ESGs are present in all mammals, usually in the footpads, most 

mammals are dependent on their pelage to protect them from heat As such, in 

humans, ESGs respond to thermal and emotive stimulations; however, only the latter 

is capable of inducing sweating in rats

C l.5. Neuropeptides in skin

There is both a sensory and an autonomic component to the innervation of mammalian 

skin. The sensory nerve fibres share certain locations with the autonomic fibres such as 

blood vessels and hair follicles whilst the epidermal/dermal free or specialised nerve 

endings are peculiarly of sensory origin Autonomic fibres also innervate lymphatics, 

sebaceous glands, erector pili muscles and ESGs Though there are some sensory 

fibres present around ESGs, these do not directly innervate the glands
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CI.5.1. Vasoactive intestinal polypeptide; distribution and function in the skin

The neuropeptide VTP is a 28 amino acid single chain linear peptide which has a wide 

distribution in the central (cortex, pineal, suprachiasmatic nucleus and pituitary) and 

peripheral (autonomic parasympathetic and sympathetic) nervous systems The 

primary vasodilatory function of VTP is due to its relaxation of vascular and non- 

vascular smooth muscle and in addition VTP induces secretion directly from a number 

of glands Hence, VTP stimulates pancreatic secretion and salivary secretion by the 

parotid, submaxillary and lacrimal glands, promotes water and chloride secretion by the 

intestine and bronchi, and bicarbonate and water secretion by the pancreas There 

are two classes of the membrane-bound VTP receptor these are coupled to 

adenylate cyclase and, on stimulation, receptor mediated endocytosis of VIP occurs as 

well as a rapid elevation in cAMP levels In addition to the adenylate cyclase 

pathway alternate second messenger systems may utilise inositol phosphate, protein 

kinase C and calcium generation following VTP receptor stimulation 

\TP is the most abundant neuropeptide in sudomotor nerves where it is co-localised in 

the same terminals as ACh, the VTP being present in a few large granules (diameter 

700-1000 A) and the ACh in more numerous small agranular vesicles (500Â) The 

similar distribution of VIP and AChE fibres around ESGs was initially observed in the 

cat with any difference in the staining pattern attributed to the presence of VIP in 

storage vesicles within the nerve, whilst AChE was situated on the outside surface of 

the nerve terminal membrane. Following lumbar sympathectomy both types of fibres 

disappeared indicating a sympathetic origin. In salivary glands and nasal mucosa, 

secretion and vasodilation are under cholinergic control by ACh and VIP respectively, 

such that concomitant release of ACh and VIP from the same nerve terminal results in 

potentiation of both secretion and vasodilation Coexistence of AChE and VTP was 

later confirmed in the sudomotor nerves of human ESGs Both neurotensin and VIP 

fibres were observed in contact with ESG glandular, myoepithelial and occasional duct 

cells, whilst the demonstration of both classes of VIP receptor on isolated and sectioned 

human ESGs suggested a direct action on sweating 278,280,307-309 ^  similar distribution 

of VIP and the structurally related peptide PHI (peptide with N-terminal histidine and 

C-terminal isoleucine amide) was observed around ESGs in human skin and specific 

binding sites for both were also demonstrated on the secretory cells of ESGs The
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staining pattern for the VIP receptor on secretory coils showed scattered cells with a 

broad apical portion facing the lumen and only a narrow process reaching the basal 

lamina This suggests that myoepithelial cells are not stained for the VIP receptor 

hence indicating an influence on sweat production for this peptide. In addition, the 

prominent VIP receptor immunoreactivity on the ductal portion is restricted to the 

luminal inner cell layer whereas the innervation to the ducts is known to be sparse 

and obviously restricted to the basal side. However, receptors on the lumen are known 

to exist for other peptides and adenylate cyclase may also be present on the luminal 

membrane

Contact between VTP positive nerve varicosities or terminals and blood vessels in the 

dermis was demonstrated by light and electron microscopy in both rats and humans 

272,274 size of blood vessel influenced the pattern of innervation, with arteries and 

veins supplied by VIP and neurotensin fibres, and Sub P supplying microvessels of the 

papillary dermis. However, small blood vessels around ESGs also stained for VIP 

In rat lip, cutaneous blood vessels were innervated by fibres containing both AChE and 

VIP which were shown to be of parasympathetic origin by removal of the otic ganglion 

There has been some debate on the control of cutaneous vasodilation with 

increasing speculation on the role of sudomotor neurons. The latter, through their 

release of VIP, may control vasoconstrictor tone, rather than putative vasodilator 

nerves whose transmitter has yet to be identified

The demonstration of spinal cord excitability in rats following thermal stimuli and 

intrathecal VIP injection suggested a sensory role for VTP This was also suggested 

by the presence of VTP in dorsal horn regions associated with sensory afferents 

innervating the skin Infi-equent VIP fibres were subsequently observed as non-vessel 

associated nerve fibres which terminated in the dermal papillae without reaching the 

dermo-epidermal junction. These fibres were presumed to be of sensory origin and were 

co-localised with Sub P 263,277,278,307

Occasional VTP fibres were also found to be present around the hair shaft, in contact 

with dermal smooth muscle strands and around sebaceous and apocrine glands in hairy 

skin Merkel cells, which are found in the suprabasal epidermis of hairy skin and 

represent a slowly acting mechanoreceptor, were found to contain non-neuronal VTP 

VIP can stimulate TH release in both the cell bodies and axon terminals of
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noradrenergic neurons; hence, VIPergic nerve endings may modulate catecholamine 

synthesis These actions are not dependent on calcium levels but are via the cAMP 

pathway

Though most of the above descriptions of VIP distribution are common to many 

mammals, some studies have suggested a more limited distribution for human skin. 

Hence, VTP-IR was found to be confined to staining around ESGs and in some fibres 

in the dermis In addition, VTP-receptor immunoreactivity was not present in 

human skin around apocrine and sebaceous glands, nor did blood vessels and hair 

follicles exhibit staining for the VTP-receptor Also, VTP-receptor IR is absent from 

vascular smooth muscle which receives VIPergic nerves and which responds to VTP in 

vitro thus suggesting VIP may act through alternative receptor subtypes 

VIP is known to enhance the affinity of muscarinic receptors for ACh, and VTP release 

may be under inhibitory control by ACh via muscarinic, pre-synaptic receptors as 

atropine administration results in increased VIP release In cat submandibular 

salivary glands, though it has no secretion-inducing activity, VTP enhances the secretory 

response of ACh, hence this may be a result of increased blood flow but could also be 

a direct action of VTP on secretory elements including ACh receptors The role 

of VIP and noradrenaline in sweating was further investigated; neither elicited a sweat 

response when injected into 16 day rats nor did VTP enhance muscarine-induced 

sweating In adult rats, however, VIP was shown to enhance adrenergic sweating via 

a cholinergic mechanism

The most prominent biochemical repercussion of both adrenergic and VTPergic 

innervation to ESGs is the synergistic amplification of cAMP levels, which are also 

augmented by ACh Hence, the possible effects of VIP on sweating may be 

inextricably linked with the extent of adrenergic innervation and perhaps the input of 

the cholinergic nerves on cAMP accumulation. The localisation of adenylate cyclase 

activity, stimulated by VTP, to plasma membranes of glandular and myoepithelial cells 

of human ESGs suggests a direct action on these cells Some authorities have limited 

the role of cAMP accumulation to promoting glandular growth or protecting the cells 

from abnormal rises in calcium levels In addition, cAMP generation has been linked 

to the vasodilatory actions of VIP on vascular smooth muscle The defective P- 

adrenergic sweating in cystic fibrosis could be explained by a failure to generate cAMP.
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Further, cAMP is thought to regulate chloride channels in the secretory cells as well as 

in the duct As such, cAMP can be regarded as an important component of 

cholinergic sweating, aside from its role in p-adrenergic and VIP-induced sweating.

CI.5.2. Other neuropeptides in the skin

CGRP, a 37 amino acid peptide, is an alternate gene product of the calcitonin gene, 

being the most potent vasodilator among endogenous peptides The peptide is 

present in several cholinergic motor systems and sensory neurons, including the 

epidermis and dermis as free nerve endings and around blood vessels and hair follicles 

of rat and human skin 275.277,318 nerve endings and perivascular fibres which contain 

CGRP may also contain SS, neurokinin A, galanin and Sub P, and are known to be of 

sensory origin as retrograde tracing experiments indicate their origin from the dorsal 

root ganglion 276,277,301,319 sensory nociceptive fibres, CGRP regulates Sub P levels 

by inhibiting its degradation NPY and SS are preferentially expressed in 

noradrenergic sympathetic neurons including around blood vessels of the skin 

VTP, PHI, Sub P and CGRP are vasodilators and NPY causes vasoconstriction 

The widespread and diverse distribution in the skin suggests functions of a broader 

nature for CGRP including (i) sensory roles of mechanoreception, chemosensation and 

nociception, (ii) efferent modulation of cutaneous blood flow, (iii) local calcium 

regulation, and hence modulation of calcium dependent functions, such as those of mast 

cells in injury and epidermal cell differentiation, and (iv) the direct stimulation of 

fibroblast and epidermal proliferation in normal skin and in wound healing In 

addition, CGRP may have a role in a peripheral feedback control loop for 

thermoregulation where cutaneous thermoreceptors may interact with ESGs to maintain 

body temperature

CGRP-IR is co-localised with VIP in the cholinergic sympathetic fibres around rat and 

human ESGs 225.277 p ^^s also shown to be present in these fibres in studies on cat 

skin which were shown to originate in the stellate, lower lumbar and sacral sympathetic 

ganglia Cell counts in these ganglia indicated that almost ten times as many VIP 

immunoreactive neurons were present as those staining for CGRP SS 

immunoreactivity (IR) has been localised to basal cells with luminal processes in the 

ductal portion of human ESGs prolactin staining to both luminar duct cells and
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secretory coil cells of human ESGs, and CGRP-IR has also been observed in secretory 

coil basal cells of rat ESGs with an apex facing the glandular lumen

CI.6. Abnormalities of sudomotor innervation in clinical conditions

In cystic fibrosis, the ESGs display an abnormal transmitter content. Hence, VTP, CGRP 

and NPY innervation is very sparse; however. Sub P levels are normal as is the 

cutaneous vasodilation These glands are non-responsive to p-adrenergic

stimulation but have normal cholinergically evoked sweating despite an abnormal cell 

permeability which is cholinergic-sensitive In leprosy, cutaneous nerves are 

damaged resulting in a loss of sweating, thermal and touch sensation and an almost total 

loss of sensory and autonomic neuropeptides including VIP, NPY, CGRP and Sub P 

325,326 Yn Raynaud's phenomenon PGP-IR and CGRP-IR is decreased in the 

epidermis/dermis whilst in systemic sclerosis ER for PGP, CGRP and VTP is decreased 

in the skin including sweat glands An increase in VTP-IR has been demonstrated in 

eczema and psoriasis but not in axillary hyperhidrosis In patients with cholinergic 

urticaria, muscarinic ACh receptors are reduced around sweat glands in skin taken from 

unaffected areas whilst a transient increase followed by a decrease has been 

demonstrated for the muscarinic ACh receptor in skin biopsies of cholinergic wheals 

The sweating deficiency of diabetes mellitus results from polyneuropathy of the 

autonomic nervous system hence the sympathetic skin response has been used as 

a marker for degree of neuropathy Skin biopsies from diabetic patients demonstrate

a reduction in immunoreactivity for CGRP (including around sweat glands). Sub P 

VIP, NPY and PGP

CI.7. Growth hormone and thermoregulation

Impaired thermoregulation is now a well-established consequence of GHD yet little 

attention has been paid to the mechanism by which this may occur. The first study to 

explore the relationship between GHD and hypohydrosis described patients as 

having lower sweat production rates than control subjects. During treatment with r- 

hGH, sweat secretion rates increased In addition, a correlation between serum IGF-I 

and sweat mass was shown in GH-deficient patients before r-hGH treatment. A role of 

GH in normal ESG function and hence in thermoregulation was postulated
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reinforced by reports of unexplained hyperthermia in a number of GH-deficient patients 

Subsequently, a number of other studies have confirmed the link between GH and 

thermoregulation. Sweat secretion is reduced in children with GHD ^  and in Laron 

syndrome Treatment of patients affected by Laron syndrome, with either r-hGH or 

with r-hlGF-I failed to alter sweating rates. Since Laron syndrome results from GH 

insensitivity, it is not surprising that r-hGH treatment was ineffective. However, the lack 

of effect with IGF-I suggests that GH may use alternative pathways to influence 

thermoregulation.

A more comprehensive study in GH-deficient adults investigated both heat exposure 

and exercise effects; an increase in GH levels was observed in both situations in the 

control but not patient groups After moderate heat exposure, evaporation was less, 

heat storage greater, sweat secretion rate lower, and skin temperature greater in the 

GH-deficient subjects compared to controls. Following exercise, GH-deficient patients 

attained higher core temperatures without the concurrent drop in skin temperature 

observed in controls. This was attributable to lack of evaporative cooling in GHD 

The same group has also reported the demonstration of reduced sweating together with 

higher core temperatures, following exercise in the heat, in r-hGH treated GH-deficient 

subjects with normalised levels of serum IGF-I and IGFBP-3 

In acromegaly, hyperhydrosis occurs in 50% to 88% of patients and is rapidly 

reversed following successful transphenoidal adenomectomy, as well as after 

bromocriptine and octreotide therapy Stimuli that raise GH in normal adult 

subjects include raising body temperature by external heating exposure to hot air 

exercise sauna and swimming in different water temperatures An inhibition 

of GH secretion during cooling has also been demonstrated by some though not 

all investigators Ruch et al have observed a correlation between GH release 

and thermoregulatory responses following infusion of cat brains with noradrenaline and 

L-dopa. Further, cooling of the preoptic anterior hypothalamus raised GH in association 

with shivering, vasoconstriction and alterations in core body temperature

CI.8. Growth hormone and the skin

Patients with isolated growth hormone deficiency exhibit a fine, wrinkled skin similar 

to that of premature ageing Abramovici et al have investigated this phenomenon
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and found a reduction in the skin elastin fibres of GH-deficient patients. However,

elastin fibre numbers were normal in Laron syndrome subjects, suggesting an effect of

GH in the skin without generation of IGF-I Treatment with r-hGH of osteoporotic

patients has been shown to stimulate blood vessel proliferation and increase the

numbers of mast cells and fibrocytes Further, a re-orientation of collagen and elastin

bundles occurs so that they become parallel with the surface of the skin An increase

in collagen synthesis, coupled to greater mechanical strength, has been observed in rat

skin following r-hGH injection Growth hormone receptors are present on human

and animal fibroblasts hence collagen production is believed to be a direct action of this

hormone Cook et al have also shown that local IGF-I production occurs

following GH-stimulation of cultured human fibroblasts IGF-I derived from

fibroblasts also stimulates keratinocyte growth and thus the role of GH and IGF-I in 
wound healing is under active clinical investigation IGFBPs have been localised

in both the epidermis and dermis of human skin. Hence, basal kératinocytes in the

epidermis express mRNA for IGFBP-3 whilst dermal papilla express mRNA for both

IGFBP-3 and -5 In addition, dermal sheaths around hair follicles express ISH signal

for IGFBP -4 and -5, and both sebaceous glands and eccrine sweat gland display

message for IGFBP -2 and -4

Patients with acromegaly display an increase in coarse body hair and skin thickness, as 

well as thickening and hardening of nails Sebum excretion and sweat production are

increased as is cutaneous mucinosis Both hypertrophy and hyperplasia of 

epidermal cells in acromegaly occur However, Matsuoka et al noted a thinning 

of the epidermis in ACR subjects and attributed most of the increased skin thickness in 

these patients to elevated deposition of glycosaminoglycans in the dermis.

CI.9. Aims of the investigation

It is apparent that a link between thermoregulation and GH can be envisaged with GH 

secretion an important consequence of elevated internal/external temperature. 

Alterations of thermoregulation in GH-deficient subjects are accompanied by reduced 

sweating responses whilst ACRs have elevated sweat production. How may GH 

influence the sweating apparatus? A central 'feedback' influence of GH on the 

thermoregulatory centre can be hypothesised. In addition, morphological changes to the
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ESGs may occur, a suggestion supported by the structural changes which are a feature 

of GH-deficient and ACR skin (see AI. 3. & CI.8.). Some of the GH effects in the skin 

are known to be direct. However, ESGs are also under nervous control fi'om their 

sympathetic innervation. Given the plastic nature of the sudomotor innervation (see 

CI.4. & CI.6.) it was hypothesised that, irrespective of central or peripheral effects of 

GH on sweating, an alteration in the innervation to the ESGs may occur.

A study was undertaken to examine morphology, function and innervation of ESGs. In 

addition to the GHD trial subjects, 7 ACR and 12 normal age- and sex-matched control 

(CON) subjects have been examined. For each of these study groups, ESG periacinar 

innervation, ESG acinar size, and sweat secretion rates following pilocarpine 

iontophoresis, have been evaluated. A histochemical method for AChE was employed 

to visualise sympathetic cholinergic sudomotor fibres. Immunohistochemical techniques 

were utilised to study distribution of the neuropeptide VIP which is colocalised in 

sudomotor cholinergic terminals with ACh. Adrenergic nerves to ESGs were 

immunohistochemically defined with an antibody to TH. Innervation around ESGs and 

in the dermis/epidermis has been investigated with a general marker of peripheral nerve 

fibres, protein gene product 9.5 (PGP) ESG acinar size and levels of staining for 

AChE, VIP, and PGP were determined by computerised image analysis.

93



Plate 1
Photomicrograph of eccrine sweat glands in the dermis of normal male human 

skin.

A: Secretory coil (sc).

B: Secretory coil-duct junction.

C: Duct segment (d).

All fields stained for PGP.

Note: Periacinar nerves (n).

Lipofuscin pigment (1) in secretory coils only.

Magnification for all fields =x20.

Scale bar =50pm.
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Chapter 3 

Methods

CM.l. Patient characteristics

Aside from the GH-deficient trial patients (see BM.L), seven subjects (6 males, 1 

female; aged 36 to 82 years, mean age 54 years) with active acromegaly (clinically 

established with elevated IGF-I levels and a failed GH suppression following glucose 

challenge) and CON subjects (8 males, 4 females; aged 25 to 53 years, mean age 44 

years), age and sex matched to the GHD patients, were also selected.

Sweat rates were measured and skin biopsies taken from the trial patients at the start 

of the study, after six months of r-hGH or placebo treatment, and six months after that 

(six or twelve months r-hGH treatment). ACR and CON subjects had skin biopsies 

taken once following sweat rate analysis.

In addition, 14 extra normal subjects (8 males, 6 females; aged 24 to 57 years, mean age 

36 years) were recruited to establish normal values for sweat secretion following 

pilocarpine iontophoresis.

CM.2. Pilocarpine iontophoresis-induced sweat production

The rate of sweat collection on the flexor aspect of the forearm was measured using a 

Macroduct sweat collection system (Wescor, Model 3700-SYS) following 0.5% 

pilocarpine nitrate iontophoresis This involved maximal stimulation of the ESGs by 

an electrical current for 5 min following which the sweat was funnelled into a plastic 

capillary tube. The distance travelled in this tubing was measured at 5 min intervals for 

45 min. The initial rate of sweat production was calculated, following bivariate 

regression and polynomial curve fitting, from the gradient of the curve (cm min'^).

CM.3. Sweat gland morphology and innervation 

CM.3.1. Skin biopsy and tissue processing

5mm punch skin biopsies were taken from the flexor aspect of the forearm after local 

infiltration of 2% lignocaine. Tissue orientation was preserved by laying the skin 

longitudinally on a piece of card. The skin was fixed in 4% paraformaldehyde for 120 

min, washed in Hepes buffer (3xlOmin), and dehydrated overnight in 20% sucrose in
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Hepes buffer. The tissue was subsequently embedded in a cryoprotectant (O C T 

compound, BDH Ltd., UK) and frozen in liquid nitrogen. 7pm longitudinal cryostat 

sections were cut at -25 °C and thaw-mounted onto gelatinized slides (see appendix 

G.3.; 3-4 sections per slide). Once sections had been dried at room temperature (15- 

30min), slides were wrapped in aluminium foil then plastic bags, and stored at -20°C. 

Slides were warmed up to room temperature prior to unwrapping and subsequent

processing

CM.3.2. Acetylcholinesterase histochemistry

The 'direct-colouring' thiocholine method for cholinesterase modified in a previous 

study using a shorter incubation time and inhibitors to control non-specific staining, was 

used The sections were equilibriated in PBS buffer (2xl0min) then pre-incubated 

for Ih at room temperature in lO'^M tetraisopropyl-pyrophosphoramide (iso-OMPA in 

phosphate buffer, see appendix G.3.) to abolish non-specific staining. The sections were 

then incubated in fresh acetylthiocholine incubation medium (see appendix G .3) for 20 

min at 37°C. After thorough rinsing in PBS (4xl0min), sections were counterstained 

with 0.5% light green in 0.5% acetic acid (10 sec), dehydrated through 40% alcohol (30 

sec), 80% alcohol (30 sec), 100% alcohol (2x30 sec), cleared in xylene (2x30 sec) and 

mounted in DPX after wiping off excess fluid.

Control pre-incubations in eserine (lO '̂ M physotigmine, see appendix G3.) and 

B.W.284C51 (10"^ 1:5 (bis-allyl-dimethyl-ammonium-phenyl) pentan-3-one-diiodide, 

see appendix G.3.) resulted in complete abolishing of staining (seeplate 2i).

CM.3.3. Immunohistochemistry

All stages were carried out at room temperature with an established indirect 

immunofluorescence procedure (see 227,372-378̂  polyclonal antibodies utilised in this 

study were well-characterised for the PNS in the aforementioned studies. Further, IHC 

with VIP and PGP had been carried out in human skin with a similar protocol by Abdel- 

Rahman et al Primary layer omission controls were incorporated into every 

experimental run. Polyclonal antibodies from the same batch were utilised throughout 

the study, and different trial stage tissue was processed together where possible. Four
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slides per marker were processed for each biopsy with a thickness of about 500pm 

separating each group.

Sections were equilibriated in Hepes buffer (IxlOmin), then incubated in a humid 

chamber with 5% swine serum (SOpl per section; 60 min) to block non-specific binding 

sites. Excess fluid was drawn off slides followed by incubation overnight with rabbit 

polyclonal antisera raised against TH (Eugene Tech, New Jersey, USA; clone TElOl, 

1:100), VTP (Incstar, UK; 1:1000 dilution) and PGP (Ultraclone Ltd, UK; 1:800 

dilution). Following incubations, the sections were rinsed in phosphate buffered saline 

(PBS; 3x10min) and incubated with swine anti-rabbit fluorescein isothiocyanate (Dako 

Ltd, UK; 1:80 dilution) for 90 min. Both primary and secondary antibody diluant 

solutions contained triton X-100 (0.1%). The X-100 is a detergent which breaks down 

lipid components of the cell membrane and hence aids antibody penetration Sections 

were washed in PBS (3x10min), counterstained for 5 min in 0.05% pontamine sky blue 

(BDH Chemicals Ltd, UK) to reduce background auto-fluorescence and rinsed 

again in PBS (2xl0min). Excess fluid was removed, slides were mounted in antifade 

mountant (Citifluor, UK), and sealed with varnish.

CM.3.4. Microscopy and image analysis for skin innervation 

CM.3.4.1. Microscopy and image input

Densities of AChE, VTP and PGP immunoreactive nerves and stain intensities were 

measured using established methods of image analysis A Kontron IPS (Kontron, 

UK) image analyser was interfaced to an Olympus Vanox AH-2 fluorescence 

microscope by a low-light video camera (model VL350, PCO computer optics, 

Germany). A x20 oil objective lens was used to visualise appropriate fields which were 

then transferred into the image analyser. The gain setting and integration time of the 

camera were set at every session so that the intensity of fluorescent light passing 

through a uranyl glass standard was always at a maximum gray value of 220. For AChE 

measurements, transmitted light input was passed through a standard neutral density 

filter, and the gain setting and integration time adjusted for a maximum gray value of 

180.
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CM.3.4.2. Sweat gland size and innervation measurements

Three fields containing ESG secretory coils were selected at random from one section 

per slide. Acini were counted and the acinar perimeters were measured by interactive 

drawing on the analyser screen. Autofluorescent lipofuscin (age-pigment) was 

concentrated in gland cells, distinct from ESG duct segments (see plate 1). Therefore, 

the defined glandular areas were masked out of the image before subsequent analysis 

of nerves.

Following established procedures of background subtraction, image enhancement and 

thresholding specific periacinar staining was binarised, measured and expressed as 

the intercept density per acinus (nerves/acinus). The intercept density per acinus 

measures the number of nerve fibres that intercept a standard computer-generated grid 

grid and expresses this after taking account of the numbers of ESG acini associated 

with the nerves.

CM.3.4.3. Epidermal-dermal junction innervation measurements

Quantification of presumably sensory fibres in the upper dermis, and spiralling into the 

epidermis, was carried out with the same image analysis system as described above 

(CM.3.4.1.). A computer-generated frame (120pmx250pm) was placed at three 

standard locations along the section. The top of this frame was placed just underneath 

the stratum comeum with the length of the frame chosen so as not to allow deeper 

nerves (eg perivascular nerves) to be included in the measurement. The nerve density 

was expressed as the intercept density (intercepts per mm) which is a measure of the 

number of nerves crossing a computer-generated grid.
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Chapter 3 

Results

CR.1. Pilocarpine iontophoresis-induced sweat production

The data were found not to follow a normal distribution (figure CR.1 a). Logarithm or 

square root transformation (see appendix G.l.) failed to normalise data spread; hence, 

analysis of results was carried out with the non-parametric Kruskal-Wallis (K-W) 

ANOVA. The initial rate of sweating was reduced (45%, ^=0.03\', figure CR.Ib) in the 

baseline GH-deficient patients compared to control subjects. Following twelve months 

of r-hGH therapy, there was a 51% increase in sweating rate, however, this was not 

statistically significant (figure CR.lb). When data were expressed relative to the 

baseline GH-deficient group; sweating rates in the twelve month r-hGH treated subjects 

were greater (57%, 03̂ 5, figure CR.lc) than those in the baseline and placebo

groups. Acromegalics unexpectedly showed no evidence of increased sweating over 

control subjects (figure CR.Ib). Sweat rates for women in the trial groups were less 

than those in men (females 37.5%<males, ^=0.0\2, figure CR.Id). Expression of data 

relative to the baseline GH-deficient group, revealed reduced sweating rates in males 

(baseline 31%, K-W ANOVA p=0.015; placebo 10%) and females (baseline 52.5%; 

placebo 71%, Mann-Whitney (M-W) U test p=0.047) when compared to r-hGH treated 

subjects. Hence, the percentage increase in females following r-hGH therapy was 

greater than that in males.

There was no correlation between thyroid hormones and sweating rates (data not 

shown). Serum IGF-I levels appeared to show a positive correlation with sweat rate; 

however, this was not significant (Spearman correlation 0.237, p=0.065).

Summary

► The pilocarpine-induced initial rate of sweating is reduced in GH-deficient 

patients and is restored to control levels afl;er twelve months r-hGH therapy.

► Acromegalic subjects do not have a stimulated rate of sweat production above 

that of controls.
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A gender difference exists in sweating rates for the trial subjects, with males 

demonstrating a higher rate of sweating than females.

Following r-hGH treatment, females display a greater increase in sweating rates 

as compared to males.
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Figure C R .la: Graph showing data distribution for the initial rate o f pilocarpine- 
induced sweating (cm min’’). Samples from trial subjects, controls and acromegalics. 
Expected normal distribution also shown.

101



1.2
c
1

§

!'o
I

0.6

0.4

2
c 0.2

GHOOm ^  P-6m M ^  GH-12m

E GI+6/12m Ü  CON M a c r

Figure C R .lb : Histogram showing the initial rate o f pilocarpine-induced sweating. 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH, CON=control subjects, 
ACR=acromegalic subjects. Error bars show SEM, *p<0.05.
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Figure C R lc : Histogram showing the initial rate o f sweating; data expressed relative 
to the baseline GH-deficient group (GHD-Om). Data originally in cm min'V 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH.
Error bars show SEM, *p<0.05.
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Figure CR.ld; Histogram showing gender differences for the initial rate of sweating 
(cm min ').
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/!2m ^patients after six or twelve months r-hGH, CON=control subjects.
Error bars show SEM, *p<0.05.
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Figure CR.le: Histogram showing gender differences for the initial rate of sweating 
expressed as a percentage o f the baseline GH-deficient group (originally in cm min ') 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH.
Error bars show SEM, *p<0.05.
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CR.2. Acetylcholinesterase histochemistry

The data were found not to be normally distributed {figure CR.2d); however, square- 

root transformation resulted in a near normal data spread (Shapiro-Wilk statistic =0.79, 

figure CR2b). A significant reduction in periacinar AChE staining was observed in the 

baseline GH-deficient patients as compared with all other trial groups (21-37%, 

p<O.OQl; figure CR.2c). Data were expressed relative to the baseline GH-deficient 

subjects {figure CR.2d); therapy with r-hGH for six to twelve months resulted in a 

significant elevation of AChE staining over baseline and placebo groups (22-26%, 

p=0.033, plate 2ii).

Acromegalic patients had greater sudomotor staining for AChE than control, placebo, 

and baseline GH-deficient subjects (18-37%, p<0.001; figure CR.2c). Data analysis in 

terms of gender revealed a similar pattern to the overall situation {figure CR.2e). 

However, the elevation in AChE staining, following r-hGH therapy, was particularly 

prominent in females (males GH-Om 19.5%<GH-6/12m p=0.028; females GH-Om 

41%<GH-6/12m, p=0.007). Following two-way (T-W) ANOVA analysis, there was 

no interaction between gender and trial group status. .

There was a negative correlation between AChE staining and both thyroxine and 

triiodothyronine (Spearman correlation for T4 =-0.294, p=0.017; for T3 =-0.26, 

p=0.037). Conversely, a positive correlation was found for AChE staining and serum 

IGF-I levels (Spearman correlation for serum IGF-I =0.371, p=0.004).

Summary

► Staining for AChE around ESGs is reduced in GH-deficient subjects and is 

increased to normal control levels following r-hGH therapy.

► Acromegalic patients display greater sudomotor staining for AChE than control 

subjects.

► Following r-hGH therapy, female GH-deficient subjects have a more marked 

increase in AChE staining as compared with males.

► AChE stain data is positively correlated to circulating IGF-I levels, and 

negatively correlated with thyroid hormones.
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Plate 2i
Photomicrograph of eccrine sweat glands from normal male human skin stained 

with acetylcholinesterase or incubated with cholinesterase inhibitor.

A: ESGs stained with AChE.

B: ESGs incubated with AChE medium and with BW284C51 (an inhibitor of 

AChE).

Note: A & B photographed with different filters hence the contrasting 

background colour.

Periacinar nerves (arrowhead).

Magnification for all fields =x20. Scale bar =50pm.
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Plate 2ii
Photomicrograph of eccrine sweat glands from clinical trial patients stained with 

acetylcholinesterase.

A: ESGs from a male baseline GH-deficient patient.

B: ESGs from a GH-deficient female patient after six months placebo.

C: ESGs from a female trial patient after twelve months r-hGH therapy.

Note: Periacinar nerves (arrowhead).

ESG size in male ESGs (A) is greater than that in females (B & C). 

Magnification for all fields =x20.

Scale bar =50pm.

106





26 -

c0)
(0
CL

o
w
E3C

2.0 2 4 2.8 3.212

observed
AChE; intercepts per acinus

expected (normal)

Figure CR.2a: Graph showing data distribution for AChE histochemical staining 
expressed as intercepts per acinus. Samples from trial subjects, controls and 
acromegalics. Expected normal distribution also shown.
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Figure CR.lb; Graph showing data distribution for AChE histochemical staining 
following square root correction. Samples from trial subjects, controls and 
acromegalics. Expected normal distribution also shown.
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Figure CR.2c: Histogram showing AChE histochemical staining expressed as 
intercepts per acinus (square root corrected).
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH, CON=control subjects, 
ACR=acromegalic subjects. Error bars show SEM, *p<0.05.
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Figure CR.2d; Histogram showing AChE histochemical staining expressed as a 
percentage o f baseline (square root transformed, intercepts per acinus data). 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m -patients after six or twelve months r-hGH.
Error bars show SEM, *p<0.05.
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Figure CR2e: Histogram showing gender differences for AChE histochemical staining 
expressed as intercepts per acinus (square root transformed).
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH, CON^control subjects.
Error bars show SEM, *p<0.05.
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CR.3. Vasoactive intestinal polypeptide immunoreactive nerve density

Data distribution analysis indicated non-normality {figure CR.3a)', however, distribution 

was near-normal following square root transformation (Shapiro-Wilk statistic =0.87, 

36, figure CR.Sb). Density of periacinar nerves staining for the neuropeptide VIP 

was reduced in placebo and baseline GH-deficient patients compared to control subjects 

(22-25%, ^=6.605, figure CR.3c, plate3). Following six or twelve months r-hGH 

treatment, VIP immunoreactive nerve density increased (12-18%; t-test figure

CR.3c, plate3) in the trial subjects to reach levels similar to those in controls. 

Acromegalic subjects displayed greater VIP periacinar staining than the baseline GH- 

deficient patients (28%, ^=6.605, figure CR3c, plate3). When males and females were 

analysed separately, r-hGH treatment showed no significant effects, probably because 

of the small group sizes (figure CR.3d). However, the percentage increase on r-hGH 

therapy was greater in females (baseline 18%, placebo 14%) than in males (baseline 

10%, placebo 4%). In general, the staining for VIP in males was significantly greater 

(13%, p=O.OOA, figure CR3d) than that in females and therefore compared favourably 

with gender differences seen for sweat production. Two-way ANOVA analysis failed 

to demonstrate an influence of GH status on gender differences for VTP 

immunoreactivity.

VTP immunohistochemistry data displayed a negative correlation with thyroxine levels 

(Spearman correlation =-0.255, p=0.035) and a strong positive correlation with serum 

IGF-I values (Spearman correlation =0.513, p<0.001).

Summary

► VIP immunoreactivity is reduced in GH-deficient subjects and is increased 

towards control values following r-hGH therapy.

► Acromegalics have similar VIP staining to control patients, with greater nerve 

fibres than in baseline GH-deficient patients.

► Male trial subjects have elevated VIP immunostaining as compared to female 

trial patients.

► Thyroxine levels are negatively correlated with VIP immunoreactivity, whilst 

serum IGF-I levels are positively correlated with VIP nerve density.
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Plate 3
Photomicrograph of eccrine sweat glands from clinical trial, control and 

acromegalic subjects, stained for VIP.

A: ESGs from a female baseline GH-deficient patient.

B: ESGs from a female trial patient after six months r-hGH treatment.

C: ESGs from a female control subject.

D: ESGs from a male ACR subject.

Notei Periacinar nerves (arrow).

ESG size is greater in ACRs when compared to all other groups (cf. male 

acini in plate 1),

Magnification for all fields =x20.

Scale bar =50pm.
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Figure CR.3a: Graph showing data distribution for VIP immunoreactivity (IR) 
expressed as intercepts per acinus. Samples from trial subjects, controls and 
acromegalics.
Expected normal distribution also shown.
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Figure CR.3b: Graph showing VIP-IR following square root correction. Samples from 
trial subjects, controls and acromegalics.
Expected normal distribution also shown.
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Figure CR.3c; Histogram showing VIP immunohistochemical staining expressed as 
intercepts per acinus (square root corrected).
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH, CON=control subjects, 
ACR^acromegalic subjects. Error bars show SEM, *p<0.05.
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Figure CR.3d: Histogram showing gender differences for VIP immunohistochemical 
staining expressed as intercepts per acinus (square root transformed). 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH, CON=control subjects.
Error bars show SEM, *p<0.05.
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CR.4. Protein gene product 9.5 immunoreactive nerve density

The data were found to follow a normal distribution (Shapiro-Wilk statistic =0.86; 

figure CR4a). Density of nerves around ESGs staining for the structural, pan-neuronal 

marker, PGP, was greater in acromegalic subjects (37-40%, p=0.009; figure CR.4b, 

plate 4) than in the trial groups, both before and after r-hGH therapy. GH-deficient 

patients were not different from control subjects either at the begining or end of the trial 

(figure CR4h). A trend appeared to exist, in the trial and control groups, for PGP- 

immunoreactive nerve density in males to be greater than in females, however, this was 

not significant (13%, ^=0.0551; figure CR4c). T-W ANOVA analysis did not reveal 

any interaction between trial groups and gender.

No correlation was observed between PGP immunostaining nerve density and serum 

IGF-I or thyroid hormone values.

Summary

► There is no difference in total periacinar nerve density, as assessed by PGP, in 

GH-deficient patients before and after r-hGH treatment.

► Acromegalic subjects display elevated PGP immunoreactivity when compared 

with trial subjects.
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Plate 4
Photomicrograph of eccrine sweat glands from GH-deficient and acromegalic 

subjects, stained for PGP.

A: ESGs from a female baseline GH-deficient patient.

B: ESGs from a male ACR subject.

C: Hypertrophic ESG from a male ACR subject.

Note: Periacinar nerves (arrow).

ESG size is greater in ACRs when compared to all other groups (cf. male 

acini in plate i) .

Magnification for all fields =x20.

Scale bar =50pm.
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Figure CR4a; Graph showing data distribution for PGP-IR expressed as intercepts per 
acinus. Samples from trial subjects, controls and acromegalics.
Expected normal distribution also shown.
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Figure CR.4b: Histogram showing PGP immunohistochemical staining expressed as 
intercepts per acinus.
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH, CON=control subjects, 
ACR=acromegalic subjects. Error bars show SEM, *p<0.05
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Figure CR.4c: Histogram showing gender differences for PGP immunohistochemical 
staining expressed as intercepts per acinus.
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH, CON=control subjects.
Error bars show SEM, *p<0.05.
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CR.5. Protein gene product 9.5 immunoreactive nerves in the epidermal-dermal 

junction

Distribution of the data were found to be normal (Shapiro-Wilk statistic =0.74, figure 

CR.5 a). PGP immunostained nerves in the epidermal-dermal junction displayed no 

difference in intercept density between baseline GH-deficient patients and trial subjects 

after r-hGH therapy (figure CR.5h). However, in the six months placebo period there 

was a reduction in PGP nerve density which was significant when compared with the 

twelve month r-hGH treated group (38%, t-test figure CR.5b, plate 5). There

were no gender differences observed (data not shown). A positive correlation was 

found between thyroid hormone levels and PGP immunoreactive nerve density (Pearson 

correlation for T3 =0.348, p=0.009, for T4 =0.382, p=0.003). Serum IGF-I levels were 

not correlated with PGP immunostaining.

Summary

► Epidermal-dermal nerves immunoreactive for PGP display a reduction in density 

following six months placebo administration, possibly due to progressive effects 

ofGHD.

► A positive correlation between PGP immunoreactive nerves in the epidermal- 

dermal region and thyroid hormones exists.
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Plate 5
Photomicrograph of skin epidermis and dermis staining for PGP and eccrine 

sweat glands immunoreactive for TH.

A: Epidermal-dermal junction in skin from a trial patient after six months r-hGH 

therapy, stained for PGP.

Note: Nerve fibres (large arrow), nerve bundle (small arrow).

Epidermis (e), dermis (d).

B: Epidermal-dermal junction in skin from a trial patient after six months 

placebo, stained for PGP.

Note: Nerve fibres (arrow).

C: ESGs from a female baseline GH-deficient patient, stained for TH.

Note: Nerve fibres (arrow).

D: ESGs from a male r-hGH treated subject, stained for TH.

Note. Periacinar staining (small arrow), perivascular staining (large arrow).

Blood vessel (bv).

Magnification for all fields =x20.

Scale bar =50pm.
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Figure CR.5a; Graph showing data distribution for PGP immunoreactivity at the 
epidermal-dermal junction Data expressed as the intercept density Samples from trial 
subjects, controls and acromegalics. Expected normal distribution also shown.
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Figure CR.Sb; Histogram showing epidermal-dermal PGP immunohistochemical 
staining expressed as the intercept density.
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
G H -6/l2m  ^patients after six or twelve months r-hGH, CON=control subjects, 
ACR=acromegalic subjects. Error bars show SEM, *p<0.05.
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CR.6. Eccrine sweat gland acinus perimeter

The data were not found to be normally distributed (figure CR.6a). Following square 

root transformation, data achieved a near normal spread (Shapiro-Wilk statistic =0.88, 

^=032,figure CR.6b). Acromegalic subjects showed larger (11-17%, p<0.001,//gwrg 

CR.6c , plates 3 & 4) ESG acini compared to all other groups. There were no 

significant differences between control and GH-deficient subjects, nor did r-hGH 

treatment influence acinar size. However, gender had a significant effect on ESG 

perimeter (p<0.001, figure CR.6d) with acini in males some 8% larger than those in 

females. Further, in males, a small reduction was observed in acinar size following r- 

hGH treatment, as compared with the male control group (7%, t-test p=0.034, figure 

CR.6d). T-W ANOVA suggested an interaction between the clinical trial patients and 

gender; however, this was not-significant (trial patients x gender =0.061). Acinar 

perimeter was not correlated with thyroid hormones but a positive correlation was 

present with serum IGF-I levels (Spearman correlation =0.276, p=0.026).

Summary

► Acinar size is not influenced by GHD or r-hGH treatment. A possible exception 

may be in male subjects whose secretory coil perimeter is reduced following r- 

hGH therapy.

► Acromegalics display an elevation in secretory coil perimeter as compared with 

all other groups.

► Males have larger acinar perimeters than females.

► A positive correlation is found between ESG size and circulating IGF-I levels.
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Figure CR*6a: Graph showing data distribution for sweat gland acinar perimeter (pm). 
Samples from trial subjects, controls and acromegalics.
Expected normal distribution also shown
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Figure CR.6b; Graph showing data distribution for sweat gland acinar perimeter 
following square root transformation. Samples from trial subjects, controls and 
acromegalics
Expected normal distribution also shown.
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Figure CR.6c: Histogram showing sweat gland acinar perimeter (square root 
transformed, originally in pm).
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m ^patients after six or twelve months r-hGH, CON=control subjects, 
ACR=acromegalic subjects. Error bars show SEM, ***p<0.001
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Figure CR6d; Histogram showing gender differences for sweat gland acinar perimeter 
(square root transformed, originally pm). GHD-Om^patients before r-hGH treatment, 
P-6m=patients after six months placebo, GH-6/12m =patients after six or twelve 
months r-hGH, CON=control subjects. Error bars show SEM, *p<0.05.

123



CR.7. Tyrosine hydroxylase distribution

Immunoreactivity for TH was observed around blood vessels of the skin (see plate 5). 

Occasional TH fibres were observed around ESG secretory coils (see plate 5). These 

were not of a level to allow quantification and did not show obvious differences 

between trial, control or acromegalic groups.
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Chapter 3 

Discussion

The influence of deficiency, or excess of GH, on thermoregulation has been explored 

in this study. The effectiveness of treatment in reversing sweating deficits in adult GHD 

patients has also been investigated. Evidence is provided to suggest that hypohidrosis 

in GHD is accompanied by a decrease in the functional innervation to the ESGs, whilst 

in acromegaly, hypertrophy of ESGs and an increase in total innervation occurs. 

Following r-hGH therapy in GH-deficient adults, an increase in the sweat rate occurs 

which is accompanied by elevations in AChE- and VIP-stained nerves, indicating GH- 

dependent plasticity of the sudomotor nerves. Gender differences have been observed 

in sweating and in the sudomotor apparatus. Possible mechanisms of GH action will be 

explored below whilst other influences such as thyroid hormones, IGF-I, and possible 

gender-specific responses to GH, will be evaluated in the general discussion.

CD.l. Growth hormone deficiency; sweating and skin innervation

Reduced sweating in adult GHD has been demonstrated in several studies by 

Skakkebaek and colleagues 335,339,391.382 sweating rates following pilocarpine 

iontophoresis 33-45% lower than in control subjects. Data from the present 

investigation has confirmed this sweat deficit in GHD with similar figures. The only 

other study to examine the pilocarpine response, before and after r-hGH treatment in 

GH-deficient patients noted that sweat production in their placebo group were 39% 

lower than control values. Following four months r-hGH treatment, levels increased 

non-significantly by 22%, however, patients noticed an increase in sweating during r- 

hGH treatment This discrepancy between observed and subjective assessments of 

sweating suggests that the sweating assay used by Skakkebaek and colleagues

335,339,381,382 not have been of sufiScient sensitivity. This is reflected in the finding that 

the pilocarpine method employed in their investigations is subject to substantial day-to- 

day variations of up to 20% Further, Hjortskov et al showed, in GH-deficient and 

control subjects, that the amount of sweat collected after exercise and heat exposure 

was 61% greater than that obtained by pilocarpine iontophoresis whilst resting at room
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temperature The inference made from these observations was that the pilocarpine 

test did not induce maximal sweating. However, the low level of sweating in GH- 

deficient patients, both before and after treatment as compared to controls, suggests 

that the relative insensitivity of the pilocarpine method may not be entirely responsible 

for the lack of change observed in these investigations following r-hGH therapy

335,339,381,382 methodology in the latter studies involved sweat collection on filter 

papers, which was expressed as a cumulative total at the end of 30min. In the present 

investigation, the calculation of the initial rate of sweat production probably constitutes 

a better method of evaluating sweat output as it seems to be responsive to the most 

efficient period of ESG sweat production.

An aspect of sweating that has received little attention in the context of GHD is the 

autonomic nerve supply of ESGs. The sudomotor nerves influence sweating through 

a cholinergic effect on acinar activity, combined with a local vasodilation (see CL 3.). 

VIP is a potent vasodilator and enhances acetlycholine-receptor binding both of which 

stimulate sweat secretion (see Cl. 5.1.) 234,316,383 AChE and VTP staining appear

to provide a sensitive index of the effects of GHD and of replacement therapy. Thus, 

AChE- and VIP-stained nerves were reduced in the GHD subjects compared to the 

control and ACR groups. Following r-hGH treatment, levels of AChE-positive and 

VIPergic nerves increased to values comparable with the controls. In contrast, 

adrenergic nerves, as assessed by TH immunostaining, were limited to occasional fibres 

around ESGs, both before and after r-hGH therapy. Hence, the hypothesis that VTP is 

linked to the adrenergic component of sudomotor nerves (see Cl. 5.1.) appears unlikely. 

Based on the increased sweating rate and parallelled elevations in AChE and VTP levels, 

it appears that the function of VTP is inextricably linked to cholinergic regulation of 

sweating.

The demonstration of a reduction in dermal/epidermal innervation during the placebo 

period suggests that extended periods of GHD can result in differential changes in 

separate nerve populations. Hence, sympathetic nerve fibres around sweat glands did 

not display these alterations. The basis for these differences in presumptive sensory 

nerves may relate to the reduced elasticity and thinner skin in growth hormone deficient 

subjects Replacement therapy with r-hGH in aged subjects has been shown to 

reverse age-related declines in epidermal thickness However, alterations in the
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skin are common features of both hypothyroidism and hyperthyroidism Hence, 

oedema, epidermal thickening/thinning and hyperkeratosis occurs in the skin of 

hypothyroid patients, whilst increased cutaneous vasodilation and glycosaminoglycan 

accumulation is seen in hyperthyroidism Since the changes in dermal/epidermal 

innervation were positively correlated with thyroxine levels, it is tempting to speculate 

that the reduced levels of thyroid hormones in the placebo period may have influenced 

innervation to the skin. The mechanism for this process warrants further investigation.

CD.2. Acromegaly; sweating, sweat gland size and innervation

Classic studies by Sato and Sato established a positive correlation between the size 

of SG secretory coil units and their activity in vitro for normal subjects. Though 

numbers of individuals examined were small, a difference in ESG acinar diameter of 

-25% appeared to differentiate, in that study, between 'slow' and 'fast' sweaters. Our 

observation that secretory coil diameter in ACRs was 11-17% greater than other groups 

suggest a similar correlation between gland size in the theoretically more active 

sweating group. Though earlier workers have hinted at larger ESGs in acromegaly 

the present study is the first to provide data confirming such a change. However, no 

increase in sweating over controls was demonstrated in these subjects, generally 

considered hyperhidrotic Lack of hyperhidrosis may reflect the methodological 

problems associated with the pilocarpine method (see CD. 1.), particularly as reports in 

the literature of excess sweating in ACRs are from visual, or patient questionnaire, 

assessments. Also, the cutaneous changes seen in acromegaly, including classic dermal 

thickening may have interfered with the normal assumptions for the pilocarpine 

method which presume a preferential transport of drug ions through the sweat ducts 

It is also possible that hyperhidrosis is more profuse in regions, such as the hands, 

which display greater cutaneous changes in acromegaly

CD.3. Gender differences; sweating, sweat gland size and innervation

Sex differences in the response to agents such as pilocarpine have been well- 

documented 297,386-390 men having a higher maximal sweat secretory rate than 

women, and boys showing higher values than girls. Calorimetric investigations have 

confirmed that men begin to sweat at a lower temperature than women and at any given
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temperature, men sweat more than women The present study has confirmed such 

a gender difference for the initial rate of sweating in GH-deficient subjects. However, 

the control group of women unexpectedly had similar rates of sweating compared to 

men. This may reflect sampling inaccuracies as only a single sweat test was performed 

on the control group, whilst multiple measurements were taken with the trial group 

patients. However, the possibility that the control population was skewed in terms of 

gender responses cannot be dismissed.

Gender specific dififerences in sweating have been explained in other studies on the basis 

of dissimilar body weight and surface area, or due to the degree of sweat gland training 

(acclimation) Electrolytes in sweat increase with age particularly in males, whilst 

males generally display higher concentrations of electrolytes than females The 

localisation of androgen receptor immunoreactivity in cell nuclei of skin, including 

ESGs suggests that sex hormones may also act at the level of the ESGs. Collins, 

K.J. suggests that at puberty androgens induce a sex-dependent change in ESGs. 

Hence, adult males with hypogonadism of pre-pubertal origin have a low sweat rate 

which is increased by androgen replacement Sex hormones may continue to have 

a function in adulthood as hyperandrogénie women frequently have skin problems 

and androgen receptor immunoreactivity has been quantified in the skin with greater 

staining present in adult males than females Hence, androgens appear to have a role 

in the normal maintenance of skin including ESGs, and the increased levels of 

androgens in males may explain their higher levels of sweating.

The presence of oestradiol receptor immunoreactivity has also been investigated in skin 

from premenopausal women Immunohistochemical staining for the oestradiol 

receptor was demonstrated in the epidermis, sebaceous glands, hair follicles and ducts 

but not secretory coils of the ESGs Hence, there may be some influence of 

oestrogens on the sweating apparatus; however, the stage of menstrual cycle was not

found to influence the level of staining intensity This agrees with observations that 
though progesterone is thermogenic, and body temperature alterations occur during the 

menstrual cycle, no appreciable change in the sweat output occurs 

Novel findings were the demonstration of larger secretory units and innervation markers 

(VIP and possibly PGP) in males compared to females, for the trial subjects. These 

correlated with the demonstration of greater sweating rates in male trial subjects. Since
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these observations are independent of GH levels (T-W ANOVA analysis, see CR.3. & 

CR4.), it is proposed that sex differences in the size and innervation of ESGs may be 

a normal reflection of the known greater rates of sweating in males. Further, the 

demonstration of sex hormone receptor sites (see above) on ESGs is suggestive of a 

direct effect of these hormones on the sweating apparatus. It can thus be proposed that 

the basis for gender-specific sweating responses may be at the level of ESG morphology 

and innervation.

CD.4. Mechanisms; growth hormone deficiency v acromegaly

The total nerve density around the ESG acini of the GHD subjects, as expressed by 

PGP immunoreactivity, was similar to values in controls, and was unchanged after r- 

hGH therapy. In contrast, ACRs exhibited an increased density of PGP-stained nerve 

fibres in parallel with hypertrophy of their ESGs. Hence, an association appears to exist 

between the overall nerve supply of ESG acini, as demonstrated by the pan-neuronal 

marker, PGP, and the size of the ESG as measured in microscopical section. This 

suggests that in situations where GH levels are elevated but still within physiological 

limits, as occurs during r-hGH therapy in GHD, the ESGs increase their functional 

innervation through increased expression of AChE and VTP. Alternatively, when GH 

levels are above physiological levels, as happens in acromegaly, increased sweating may 

involve an increase in the size of glandular elements, and a corresponding growth of the 

periacinar innervation, as well as altered levels of neurotransmitters. Thus, over shorter 

time scales of GH changes, neurotransmitter changes may be the predominant form of 

nerve plasticity, whilst over longer periods or greater extremes of hormonal elevation, 

nerve growth in the form of collateral sprouting may occur.

CD.5. Mechanisms; central v peripheral

Hypothalamic injury may occur secondary to pituitary tumours, with repercussions for 

the thermoregulatory centres. Hence, hypothalamic dysfunction contributes to 

accidental hypothermia in elderly subjects The central temperature-regulating system 

is inaccessible to experimental studies in humans; however, the improvements in 

sweating and sudomotor parameters, following r-hGH therapy in this study, suggest 

that any influence of GHD on the hypothalamic centre were probably reversible. The
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use of spinal and/or axon reflex methods (see table CI.l.) for assessment of autonomic 

dysfiinction would probably have been a better option than the ESG-acting pilocarpine 

iontophoresis technique; however, the data from the total innervation marker suggest 

that these pathways are maintained in GHD.

The mechanism of GH action on thermoregulation can be envisaged to involve several 

possible pathways. A general increase in GH-induced body metabolism may provide for 

optimum energy status for thermoregulation to proceed. However, altered 

thermoregulation in obese subjects is not a general feature suggesting that GH may 

have a more subtle fianction. GH-induced alterations in thyroid hormones may provide 

for an indirect influence on thermoregulation, given the altered sweating in hyperthyroid 

patients Further possibilities concern either a direct effect of the GH/IGF-I axis on 

the sudomotor apparatus, and/or actions in the thermoregulatory centres in the CNS. 

An effect of GH on the thermoregulatory centres would presumably involve GH and/or 

IGF-I crossing the blood-brain barrier. Though the latter suggestion is controversial, 

evidence from the literature (see AI. 7.) suggests that this may not be a limiting factor. 

Once into the brain circulation, GH and/or IGF-I would exert their effects through 

appropriate receptors. The general distribution of these receptor sites has already been 

described (see AI. 7.). A more thorough evaluation suggests an influence of IGF-I on 

the thermoregulatory centre. Hence, IGF-I, IGF-I receptor (protein and/or message) 

and/or binding sites are present in the rat hypothalamus in median preoptic nucleus, 

supraoptic nucleus, paraventricular nucleus, periventricular nucleus, preoptic 

suprachiasmatic nucleus, and median eminence 147,103,396 jQp_j mRNA is also present

in the anterior hypothalamus, ventromedial nucleus, medial preoptic area and arcuate 

nucleus IGF-I immunoreactivity has been localised in 'accessory' neurons of the 

lateral and anterior hypothalamic areas and in the medial and lateral preoptic areas 

The preoptic anterior hypothalamus area and posterior hypothalamus are important 

subregions of the thermoregulatory centre. Further, the role of the suprachiasmatic 

nucleus in circadian temperature alterations is also known. Hence, the distribution of 

IGF-I provides circumstantial evidence for a direct role of this growth factor on the 

thermoregulatory centre. A similar evaluation for GH was not possible as only general 

distributions in the hypothalamus are mentioned by Zhai et al and Lobie et al
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Immunohistochemical and mRNA localization of GH receptor/binding protein in animal 

and human skin including ESGs has been demonstrated. IGF-I protein and 

mRNA expression, and IGF binding protein mRNA, have also been shown in human 

skin GH and/or IGF-I may therefore influence the sweating apparatus directly. 

Further aspects of these interactions will be explored in the general discussion.

In conclusion, an influence of GH on the eccrine sweat glands has been established. 

Patients with GHD display reduced sweating responses which are accompanied by a 

decrease in AChE- and VTP- positive nerves in the glandular innervation. Following r- 

hGH therapy, a parallel increase in sweating rates and periacinar cholinergic markers 

occurs. Conversely, in acromegaly, hypertrophic secretory coils have a correspondingly 

increased nerve supply. These results suggest that GH may have a direct effect on the 

ESGs and raise the possibility that GH influences trophic support to the peri-glandular 

nerves.
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CHAPTER 4 

A N  INVESTIGATION INTO THE EFFECTS OF 

RECOMBINANT HUMAN GROWTH HORMONE 

ADMINISTRATION INTO FOOTPAD SKIN OF

AGEING RATS.
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Chapter 4 

Introduction

This investigation has explored the consequences of r-hGH infusion into the region 

around ESGs, in footpad tissue from young and old rats. As a preliminary study, part 

of the objective has also been to establish the value of the rat footpad model, for the 

assessment of local administration of test substance on sudomotor nerves. The size of 

ESGs and alterations in innervation have been monitored following a two-week r-hGH 

injection regimen. The aim of this study was to try to replicate changes observed in GH- 

deficient and ACR patients (see chapter 3) by local injections of supraphysiologic doses 

of r-hGH. The choice of aged rats, rather than animal models for GHD or excess (see 

AI.8.), was to allow exploration of the role of GH in ageing (a state of reduced GH 

production). In so doing, it was hoped to shed some light on the mechanism of GH 

action on ESGs. Two main questions were addressed: Is GH acting in a direct manner 

on the ESGs? and if so, are the changes in innervation due to GH-mediated alterations 

in the trophic supply to the sudomotor neurons?

D1.1. Ageing and sweating/thermoregulation

Alterations in thermoregulation are believed to contribute to the increased mortality in 

the elderly population due to hypothermia/hyperthermia A general rise in the 

temperature threshold for sweating and vasodilation occurs with age The sweating 

response to thermal and local stimulation is reduced in the aged, particularly in women, 

and a widening threshold for warmth and cold perception occurs in individuals over 65y 

267,379,402,405-408 studles suggest that impaired sweating responses in the elderly may 

be a manifestation of more generalised autonomic dysfunction, given the abnormal 

sweating responses in many conditions involving autonomic failure Changes in 

ESGs include a marked reduction in secretory coil density and size, a disorganisaton of 

secretory cells, an increase and coagulation of elastic fibres around secretory coils, and 

an increased accumulation within secretory cells of agyrophilic, lipofijscin-like granules 

that contain no iron 379,407,409,410 further, concentrations of electrolytes, glucose and 

urea increase with age in sweat obtained fi'om men Both aged human and rat studies 

have indicated a reduction in overall nerve density, as well as in cholinergic and

133



neuropeptide content, of the sudomotor nerves In aged mice, the number of 

ESGs responsive to cholinergic stimulation is decreased Also, the capacity for both 

regeneration and collateral sprouting of sudomotor efferents is reduced with age in the 

mouse This is believed to be due to the progressive loss of axons, and reduced 

plasticity of remaining sudomotor neurons, with age Hence, a reduction in the 

complement of ESGs per peripheral nerve with age occurs, which may also reflect 

retraction of terminal axon branching These changes in cholinergic innervation 

appear not to be accompanied by alterations in muscarinic ESG receptors, whose 

density remains similar in aged subjects as compared to young controls 259

DI.2. Growth hormone and ageing; the somatopause*

The anterior pituitary gland is decreased in size with age in humans and shows evidence 

of fibrosis, necrosis, and accumulation of deposits Both the size and number of 

somatotrophs decline from youth to middle age Circulating levels of IGF-I are 

relatively low at birth and during the first fifteen months of life, they increase until the 

onset of puberty when levels peak; a subsequent decline occurs as a function of age (see 

table DI.J) *̂  220,221 q j j  serum levels in the human fetus rise from around 2nM at 12 

weeks gestation to values of 8nM or more by 22 weeks before declining to l-2nM at 

birth The integrated serum GH level rises to its highest values at puberty. 

Thereafter, GH levels decline (see table D I.l) in a similar manner to IGF-I in both men 

and women Hence, compared with young adult men (20-34y), peak GH levels 

with the insulin-induced hypoglycaemia test were 30% lower in middle-aged men (35- 

49y), and 60% lower in elderly men (53-84y) The amplitude of GH pulses is also 

reduced in senescence in both men and women In rats, a 10% decrease in 

somatomedin activity within adulthood (fi'om 2-6 months to 12-16 months) is followed 

by a 20-40% reduction in old rats (24-28 months) GH secretion also declines in 

senescent (18-20 months) as compared to young rats (4-5 months)

The mechanism for the geriatric decline in GH secretion has been explored and involves

an initial decrease in hypothalamic neurotransmitters (dopamine and noradrenaline), a 
consequent reduction in GHRH and increase in SS production, resulting in a lower GH, 

and subsequent IGF-I release In aged rats, the increased SS release is accompanied 

by a preferential production of SS-28, which is a more active form than its counterpart
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s S-14 The signal transduction pathway for GH has been shown to be impaired in 

livers of senescent rats despite increased levels of GH receptors, suggesting a cause for 

the decline in IGF-I gene expression with age

Rudman et al have investigated the effects of r-hGH administration to healthy elderly 

subjects (61-73y) with low circulating IGF-I levels, and found an increase in IGF-I 

concentration to levels comparable to young controls. This was accompanied by 

increases in indices of lean body mass and bone density A number of other studies 

have also been carried out on ageing subjects, differing in their patient criteria, the 

duration of the treatment (7 days to 6 months), and dosage I3,i5,385,4i6,4i8 though 

beneficial effects have been reported (improvement in lean body mass, decrease in fat 

mass, increase in bone turnover, decreased excretion of urinary nitrogen and sodium, 

greater liver and spleen volume etc), side-effects such as hyperglycaemia, carpal tunnel 

syndrome and gynecomastia have also been observed. A lowering of the dosage may 

allow physiological advantages to predominate However, a recent report by Brown- 

Borg et al suggesting that GH-deficient mice have a longer life-span than their 

normal siblings is bound to add to the debate on the benefits, or otherwise, of r-hGH 

therapy to GH-deficient, but otherwise healthy, aged individuals.
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Age male serum IGF-I (lU/ml) female serum IGF-I (lU/ml)

birth to 15 months 0.3 0.5

ly to puberty 1.0 1.5

puberty 2.2 (13 to 15y) 2.6(11 to 13y)

Age male and 

female serum 

IGF-I 

(lU/ml)

male and female 

nocturnal GH 

peak (ng/ml)

Age male and female 

daily GH 

secretion 

(pg/I/24 hours)

20 to 25y 1.2 21 to 31y 80

25 to 35y 0.9 20

35 to 50y 0.8 9.7

50 to 60y 0.51 7.2 29 to 59y 32

60 to 70 0.41 5.3 61 to 71y 21

70 to 80 0.32 3.2

Table DLL Changes in circulating GH and IGF-I levels with age in humans (adapted 
from Shetty and Duthie and Hammerman,M.R.

136



DI.3. Nerve growth factor, sweat gland innervation and growth hormone

The basis of the neurotrophic theory concerns the production of a trophic agent from 

target tissues, which is retrogradely transported from the nerve terminals to the soma, 

and which determines the survival of innervating sympathetic, sensory, and other 

neurones The role of nerve growth factor (NGF; 2.5S P-NGF) which was the 

first target-derived neurotrophic substance to be characterised is well-established. 

Subsequent studies have signalled a broader role for one family of neurotrophic factors 

-the neurotrophins- in general, and NGF in particular. Hence, basal forebrain and septal 

CNS neurones require NGF. In addition, the definition of neurotrophic factors and the 

scope of their functions has broadened. For example, NGF promotes growth, 

differentiation and branching of axons and dendrites It increases neurotransmitter 

synthesis, acts on neuronal stem cells and glia, and can alter the electrophysiological 

properties of neurons Further, NGF has actions beyond the nervous system, 

particularly on the immune and endocrine systems and may be regarded as a co

ordinator between these systems NGF is no longer limited to a role in development; 

it is now believed to be a key modulator of neuronal plasticity in maturity and perhaps 

even in ageing

Neurotrophic factors are defined as those molecules which promote neuronal survival 

or neurite outgrowth In addition to the classical neurotrophic factors, a wide range 

of hormones, proteins and oncogenes are now included as substances which can be 

considered to have a neurotrophic function Additional requirements would have to 

be fulfilled if these substances are to be regarded as true neurotrophic factors. These 

include the demonstration of neuronal receptors and neurotrophic factor availability in 

the neuronal environment Walicke,P. A. has evaluated the role of proteins such

as apolipoprotein E and laminin, of growth factors such as IGF-I and epidermal growth 

factor, and of oncogenes such as c-fos and ras, and has ascribed neurotrophic functions 

to these various substances. A similar approach by Strand et al has identified 

adrenocorticotropic hormone, thyrotropin-releasing hormone, and neuropeptides such 

as SS and substance P, as having neurotrophic properties. Finally, both GH and 

prolactin, through their actions on their respective regulatory neurons, may be regarded 

as having neurotrophic functions in addition to their other roles
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DI.3.1. Nerve growth factor and its receptors

There are two NGF receptors (NGFRs); (75-80kDa ) and trk A (HOkDa,

pHO'^* with tyrosine kinase activity Though p75^°*^ lacks tyrosine kinase activity, 

its involvement in neurotrophin signal transduction is evident from its expression in 

every neuronal cell type known to be responsive to NGF, and the fact that all classical 

neurotrophins can bind to it 294,423,424 signalling machinery for p75^°^ may be trk 

independent and p75^°^ is also believed to associate with trk k  ox ^  for certain 

functions However, p75^*^^ is not essential for some ^A-mediated responses to 

neurotrophins and is believed to have a specialised role in facilitating retrograde 

signalling In addition, p75^^^^ may prevent or induce apoptotic cell death

DI.3.2. Nerve growth factor and ageing

In the mature nervous system, neuronal connectivity is believed to be in a state of 

dynamic equilibrium, with continuous growth and retraction in response to altered 

functional demands, and altered availability of target-derived neurotrophic factors 

The effects of ageing may thus be understood as a distortion of the interactions between 

targets and their innervation Though some evidence from the central and peripheral 

nervous systems suggest that NGF levels are not decreased in ageing, altered 

availability of NGF is believed to influence the extent of neurodegeneration occurring 

with age NGF infusion into cognitively impaired aged rats results in improved 

spatial memory as well as a reduction in neuronal atrophy These results suggest that 

a higher synthesis (or availability) of NGF may be required to counteract decreased 

neuronal plasticity in ageing.

A reduction in both NGFR sites have been demonstrated in the basal forebrain and 

neostriatum neurons of aged rats; these are accompanied by decreases in the cholinergic 

activity of these regions Similarly, a reduction in p75^°*^ expression has been 

observed in superior cervical ganglion of aged mice, which may be correlated with the 

reduced innervation of some targets of the superior cervical ganglion, including the 

pineal gland and cerebral arteries ^̂ 5,425
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DI.3.3. Nerve growth factor and sweat gland innervation

The role of NGF in the collateral sprouting response (but not regeneration) of sensory 

and sympathetic neurites is well-established In the skin, NGF is released from 

kératinocytes, fibroblasts, muscle cells, and blood vessels, and influences the function 

of mast cells, melanocytes and Langerhans cells, as well as kératinocytes and Merkel 

cells, both of which have p75^^^ 428,429 A receptor has been shown to be

present in human skin, not only in neurones but also on cells in the basal layer of the 

epidermis, on dendritic cells in the basal and suprabasal layers, on ESG ductal and 

secretory coil cells (more prominent in the duct), and on cutaneous arteries 

Despite the presence of trk A on ESG cells, production of NGF by these cells has not 

been demonstrated The latter study was also unable to demonstrate trk A staining 

on sudomotor neurites. However, treatment of neonatal rats with an anti-NGF antibody 

results in a lack of axons and terminals in the periglandular innervation and absence of 

choline acetyltransferase immunoreactivity occurs Similarly, neurons plated in 

medium deficient in NGF, but containing sweat gland extracts (ie the cholinergic 

differentiation factor) lack the ability to survive Hence, NGF appears to act as a 

survival factor for sudomotor neurones. This has been further explored by Lee et al 

who noted, in mice bearing a null mutation in the p75^°*^ locus, a deficient innervation 

of lateral interdigital footpads as opposed to the medial pads which had a normal 

cholinergic innervation (as assessed by VIP-IR). Further, the lateral interdigital pads 

displayed a smaller number of active ESGs, than the medial pads whose response to 

pilocarpine injection was normal The explanation given was of a differential guiding 

effect of p75^°™ on the lateral and medial plantar nerves. However, this suggestion 

merits further study.

DI.3.4. Nerve growth factor, growth hormone and insulin-like growth factor I

Though experimental evidence for a direct influence of GH on the PNS is lacking, an 

interaction between GH and NGF has been shown to exist in the pancreatic P-cell line 

INS-1 GHR sites are present on these cells and r-hGH treatment results in 

upregulation of both classes of NGFR The pancreatic p-cells are believed to be

similar to neuronal cells and indeed, under NGF treatment, they extend neurite-like
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processes and initiate NGF signal transduction Hence, a similar influence of GH on 

neuronal NGFRs may exist.

The importance of IGF-I in development is emphasised by its stimulation of the initial 

stage of neurite outgrowth of chick sympathetic neurons in culture The latter effect 

is replicated by NGF at a later developmental stage and is continued in maturity In 

the developing mouse following sciatic nerve axotomy, IGF-I can prevent death for 

86%, and NGF 61%, of motoneurons which would otherwise die Both IGF-I and 

NGF also prevented atrophy of surviving motoneurons in the latter study IGF-I 

increases chick sympathetic neuron proliferation in serum-free cultures However, 

the role oflGFs in sympathetic neuron survival is not believed to be as important as that 

of NGF Ishii, D.N. suggests that cooperation between NGF and IGFs may be 

required for neuronal plasticity in development and maturity. In support of this 

proposal, IGF-I immunoreactivity has been co-localised with p75^°^ staining in human 

adult cerebellum purkinje cells Aguado et al suggested that the IGF-I was 

probably of endogenous origin, based on previous ultrastructural demonstrations of 

IGF-I associated with rough endoplasmic reticulum. However, the possibility that IGF-I 

had been transported retrogradely could not be dismissed

How would IGF-I and NGF interact in their effects on nerves ? Part of the answer to 

this question may lie in the ability of IGF-I to potentiate NGF receptor activity. In the 

human neuroblastoma cell line (SH-SY5Y), trk A receptors are unresponsive to NGF 

unless IGFs are present in the culture medium Common intracellular actions of NGF 

and IGF-I include the expression of tubulin and neurofilament genes Interestingly, 

both NGF and IGF-I stabilise tubulin mRNA transcripts whilst neurofilament mRNA 

levels are increased through an elevation in transcription rates In primary sensory 

neurons, NGF and IGF-I fail to induce appropriate neurite outgrowth responses in the 

absence of the protein kinase C substrate, GAP-43 It would appear that for certain

functions a common biochemical pathway exists for these growth factors. Ishii, D.N.

argues that retrograde transport of NGF and IGF-I may not be the critical events 

which govern their neurotrophic fianctions. The tyrosine kinase second messenger 

system is common to both NGF and IGF-I; hence, phosphorylation of the receptor 

kinase and subsequent protein kinase C generation may be the key steps for 

neurotrophic activity Though the latter point is unproven, it does offer some insight
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into how the two growth factors may complement each other's actions.

Due to the well-documented effects of NGF and IGF-I as neurotrophic factors, 

increasing attention is being focussed on their uses in neurodegenerative conditions. 

These approaches include the possible use of NGF in treatment of sensory neuropathies 

and Alzheimer's disease, whilst IGF-I therapy for motor neuron atrophy and 

chemotherapy-induced peripheral neuropathy, is being actively investigated

DI.4. Aims of the investigation

Ageing is accompanied by reduced secretion of GH from the anterior pituitary and by 

defects in thermoregulation In states of altered GH secretion, abnormalities of 

thermoregulation exist (see chapter 5). The innervation to ESGs is compromised in 

ageing It is proposed that the ESGs are a target-organ of GH action. Based on 

this assumption, the injection of r-hGH into footpad skin of rats is predicted to result 

in morphological changes to the ESG secretory coils. These alterations, it is proposed, 

may be particularly evident in aged rats because of their state of relative GHD.

It is further suggested that the reduced functional innervation to the sudomotor 

apparatus of both ageing humans and rats and GH-deficient adults (see chapter 

3), is accompanied by a reduction in the neurotrophic suport provided by ESGs to their 

innervating neurons. Hence, r-hGH treatment may reverse these deficits. As a 

consequence of r-hGH treatment, it is speculated that p75^*^  ̂expression will be altered 

around the ESGs Immunohistochemistry with antibodies against pTS^*^  ̂and PGP will 

be carried out on lateral interdigital footpad tissue following a two week period of local 

r-hGH treatment with supraphysiologic doses. The lateral interdigital footpads have 

been chosen because of their particular susceptibility in p75^°*^ null mutany mice, as 

noted above (see DI.3.3.)
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Chapter 4 

Methods

DM .l. Animals and injection regime

A total of 6 old (2 years; 700g) and 10 young (2 months; 200g) male rats were used. 

The animals were from an inbred colony of Sprague-Dawley rats which were kept in 

a controlled environment, 2-4 rats per cage. The ageing rats were senile with mortality 

ranging from 30-50% of the population. Young animals were given food and water ad 

libitum, whilst the ageing rats were kept on a restricted diet (30g day'^) from the age 

of 3 months. Limited food intake keeps the animals healthier and presenile mortality is 

decreased

Animals were anaesthetized with a mixture of 2% halothane and oxygen. They received 

three injections per week for two weeks of either r-hGH (Genotropin R; Pharmacia, 

Sweden) or rat serum albumin (RSA, 1 mg ml-1 in PBS; Sigma, UK). The subcutaneous 

injections were made with fine, lymphangiography needles and Hamilton syringes into 

the paw, adjacent to the lateral interdigital footpads. The volume of injected solution 

was lOpl for old rats and 5 pi for young rats because of the larger size of the paw in old 

rats. Uninjected paws from the treated animals served as controls. Hence, 3 old rats and 

5 young rats were injected with r-hGH, and 3 old rats and 5 young rats were injected 

with RSA. Doses were calculated on the basis of the total volume of blood in a rat 

being 60ml k g \  the serum levels in young rats being 35pgU and the half-life of GH in 

a rat being 60min after subcutaneous injection *̂*>'‘38-440 Hence, in order to achieve ten 

times systemic concentrations for the duration of the study in the footpad, 3.5pg 

injection^ r-hGH in RSA for young rats, and 12.3pg injection  ̂r-hGH in RSA for old 

rats, were administered. Three days after the last injection animals were killed by an 

overdose of pentobarbitone sodium (200mg kg '\ Euthatal, RBM Animal Health Ltd, 

UK). The lateral interdigital footpads were dissected, fixed in 4% paraformaldehyde and 

processed as for human skin samples (see CM. 3.1).

DM.2. Immunohistochemistry

The anti-nerve growth factor-receptor antibody (p75^°^) was a mouse monoclonal 

(Boehringer Mannheim, UK, clone 192; 1:10 dilution) whilst the PGP antibody was a
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rabbit polyclonal (Ultraclone Ltd, UK; 1:800 dilution). The immunohistochemistry 

protocol was similar to that already detailed (see CM. 3.3.). However, for the p75^°^ 

staining non-specific binding sites were blocked with 5% goat serum. Incubation with 

primary antiserum was for 40 hours, and secondary antibody was a goat anti-mouse 

fluorescein isothiocyanate (Dako Ltd, UK; 1:80 dilution). Image analysis methods were 

the same as those described earlier (see CM.3.4).
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Chapter 4 

Results

DR.1. The effects of recombinant human growth hormone administration into 

ageing rat footpad skin

A prominent but focal inflammatory infiltrate was observed in most (r-hGH and RSA) 

injected footpad sections (plate 6i). The infiltrate was highly cellular, composed of 

polymorph cells as well as lymphocytes, and seemed characteristic of an acute response. 

The exudate appeared to be limited to the injection site, being prominent in the upper 

dermis and at the epidermal-dermal junction. There was evidence of some infiltrate in 

the vicinity of ESG secretory coils. Where possible, ESGs chosen for analysis were 

away from areas of obvious inflammation.

DR. 1.1. Sweat gland acinar size

For sweat gland acinar perimeter, the data were shown to follow a non-normal 

distribution (figure DR. la) which was not normalised following logarithmic or square 

root transformation. Data was analysed with non-parametric tests. There was no 

difference in size between young and old ESGs (figure DR.Ib). A reduction in acinar 

size compared to controls was observed in old footpads, following RSA (19.1%, M-W 

U test p=0.004) or r-hGH (13.5%, M-W U test p=0.018) injection (figure DR.lb). 

ESGs from r-hGH injected footpads appeared to be slightly larger (6.5%, M-W U test 

\)=0.Q\2, figure DR.lb) then those from RSA injected animals.
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Figure DR.la: Graph showing data distribution for rat sweat gland perimeter (pm). 
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Figure DR lb: Histogram showing sweat gland acinar perimeter in young and old rats. 
Y-UT=young rats untreated, Y-RSA=young rats RSA injected, Y-GH=young rats r- 
hGH injected, 0-UT=old rats untreated, 0-RSA=old rats RSA injected, 0-G H=old rats 
r-hGH injected Error bars show SEM, *p<0.05, ***p<0.005.
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DR. 1.2. Sweat gland innervation

Because there was a change in ESG size with RSA/r-hGH injection, presenting nerve 

data relative to individual acini was not considered appropriate, especially as the 

decrease in acinar size was to a dissimilar degree in RSA and r-hGH injected groups. 

Nerve parameters have therefore been presented as nerve area per pm acinar perimeter. 

However, statistical analysis was also carried out on data expressed as nerve area per 

acinus and where appropriate complementary data has been commented on. For the 

pŷ NGFR staining, due to technical problems, two data groups are missing; these are the 

young RSA injected and the old control groups.

DR. 1.2.1. Protein gene product immunohistochemistry

Immunoreactivity with the general neuronal marker PGP was observed in footpads 

from young and old rats, being prominent in nerve fibres around ESGs {plates 6i &6ii). 

Distribution of the data were not normal (figure DK 1.2. la), and remained so following 

logarithmic, or square root transformation. Data were therefore analysed with non- 

parametric methods. Young groups generally displayed a greater (27-33%, K-W 

AND VA p=0.003, DR. 1.2. lb) sudomotor innervation than that present in

footpads from old animals. There were no statistical differences between control and 

injected groups for either young or old rats. However, the r-hGH injected footpad 

samples appeared to have reduced sudomotor innervation as compared to both the 

control and RSA injected groups (young ESGs; control 17.3%>r-hGH, RSA 13.5%>r- 

hGH, old ESGs; control 19.6%>r-hGH, RSA 20AVo>v-\iGYi, figure DR.1.2.1b).
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Figure DR. 1.2.lb: Histogram showing PGP immunoreactivity in young and old rats. 
Data expressed as area of nerves per pm of sweat gland secretory coil.
Y-UT=young rats untreated, Y-RSA=young rats RSA injected, Y-GH=young rats r- 
hGH injected, 0-UT=old rats untreated, 0-RSA=old rats RSA injected, 0-GH=old rats 
r-hGH injected. Error bars show SEM, ***p<0.005.
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DR.1.2.2. Nerve growth factor receptor (p75) immunohistochemistry

In tissue from both young and old rats, there was extensive staining of nerve fibres 

innervating ESGs with the antibody (plate 6i). The distribution of the data

were not normal (figure DR. 1.2.2a) and were not normalised following transformation 

by taking logarithms or square roots. Analysis of data with the non-parametric K-W 

ANOVA revealed greater (26-50%, p=0.006, figure DR. 1.2.2b) p75^*^^ 

immunoreactivity in young sudomotor nerves, as compared with tissue from old rats. 

Aged rat footpads, injected with r-hGH, appeared to have reduced (25,4%, K-W 

ANOVA p=0.086,^gwrei)Æ7.2.20) p75^°^ staining around ESGs as compared with 

RSA injected aged rat tissue, however this was not significant.

Interestingly, the nerve area occupied by p75^^^ immunoreactivity was roughly 

comparable with that for PGP staining suggesting that most (83.8% from all data 

pooled) sudomotor nerves contain p75^‘̂ *̂ .
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Plate 6i

Photomicrograph of eccrine sweat glands from rat footpad skin, stained for PGP 

and p75"'̂ '™.

A: ESGs from an old r-hGH injected footpad, stained for 

B: ESGs from an old RSA injected footpad, stained for p75^°*'^.

C; ESGs from a young uninjected footpad, stained for PGP.

Note Periacinar nerves (arrow), inflammatory exudate (i). Scale bar ^50pm. 

Lipofuscin (1) pigment in old footpad secretory coils Magnification for all fields =x20. 

Due to technical problems the photomicrographs presented are not o f a good standard 

Additional photography was not possible due to fading o f  immunofluorescent sections. 

The photomicrographs do, however, illustrate the localisation o f PGP and p75^^'™ 

staining on periacinar nerves. For any comparison between groups please refer to the 

quantitative data provided in Figure DR. 1.2. lb & Figure DR. 1 2.2b.
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Plate 6ii
Photomicrograph of eccrine sweat glands from rat footpad skin, stained for PGP.

A: ESGs from an old uninjected footpad.

B: ESGs from an old r-hGH injected footpad.

C: ESGs from a young RSA injected footpad.

Note: Periacinar nerves (arrow).

Magnification for all fields =x20.

Scale bar =50pm.
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Chapter 4 

Discussion

There was no difference of sweat gland size between young and old rats. In a previous 

study on lateral interdigital footpads in young and old rats, Abdel-Rahman and Cowen 

noted an increase in secretory coil perimeter in ageing (14%), accompanied by a 

reduction in numbers of acini (43%). For the control groups, in the present study, a 

trend existed for ESGs from old rats to be larger (8.7%) than those from young rats. 

Hence, a similar though reduced increase in aged ESG was observed in this study. 

Injection of either RSA or r-hGH resulted in a decrease in the size of the secretory coils 

in aged rats. These changes may be assumed to be due to the frequent injections 

provoking repeated acute inflammatory responses in the vicinity of ESGs. The larger 

acinar size in r-hGH treated aged rats, as compared to RSA injected animals, may be 

ascribed to a GH-dependent return towards normal parameters. Further aspects, in 

relation to inflammation, are explored below.

A marked difference was observed in the overall innervation to ESGs as assessed by 

PGP, between young and old rats. This has been previously described by Abdel- 

Rahman and Cowen who noted a 50% decrease in PGP immunoreactivity in old rats 

as compared with young controls. In a similar investigation, Abdel-Rahman et al 

were able to demonstrate a comparable reduction in PGP immunoreactivity, around 

sudomotor nerves of aged but healthy human subjects. Interestingly, in the latter study, 

evidence from electron microscopy indicated that axonal loss, rather than reduced PGP 

expression in nerve fibres, was responsible for the reduced PGP immunoreactivity in 

ageing The results from the present investigation (31% decrease in PGP staining 

with age) were not as dramatic as in the Abdel-Rahman and Cowen study. One 

possible explanation, for the discrepancy between the two studies, concerns the 

nutritional status of the animals. Experiments currently underway in T.Cowen's 

laboratory indicate that enteric neuronal cell loss is particularly prominent in ad 

libitum fed aged rats, as compared to aged rats fed on a restricted (50% of normal) 

diet. The aged rats in the Abdel-Rahman and Cowen study were fed ad 

//7>z7w/w,whilst those in the present investigation were on a restricted diet of 30g protein 

a day. These preliminary observations suggest that a range of autonomic neurons are
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affected by dietary conditions. In this context, the lack of a substantial increase in ESG 

size with ageing, seen in the present study, may also be due to the relatively 'less-aged' 

status of these animals. The inference from these observations is that unchecked feeding 

may accelerate age-related changes in the autonomic nervous system, suggesting that 

the mechanism involved may not be directly associated with digestion. D'Costa et al 

have reported that increased protein synthesis in moderately diet restricted rats is 

coupled to elevations in IGF receptors as well as increases in the amplitude of GH 

pulses Hence, further investigations of the trophic status of autonomic neurones 

from rats under different dietary regimes are warranted.

The present study is the first to describe age-related changes in p75^°^ expression in 

sudomotor nerves. Most observations of neurotrophic influences on the sudomotor 

apparatus have concentrated on the role of the soluble cholinergic differentiation factor, 

which induces a switch in transmitter phenotype during development 289,443-445 role 

of NGF in supporting sympathetic neuron survival is well-established, and is believed 

to extend to sudomotor neurones Observations in the present study, that

p75 ĜFR nerve density was roughly comparable with that for PGP in young and aged 

rats, are consistent with a role of NGF in the survival of sudomotor neurones. Though 

P75NGFR is capable of responding not only to NGF but also to a number of related 

neurotrophic factors the present focus on neuronal survival is particularly applicable 

to NGF. In this context, p75 ĜFR may be involved in cell survival by preventing 

expression of apoptotic genes or in the regulation of collateral sprouting 

Treatment with r-hGH is known to upregulate p75 ĜRR expression in the pancreatic P- 

cell line INS-1 This was achieved via a distinct GH-responsive sequence in the 

promoter region of the p75’̂GFR gene, resulting in increased transcription of p75 ĜFR 433 

The finding from the present study was of a reduction of both PGP and p75 ĜFR 

expression on sudomotor nerves by injection of r-hGH into aged rat footpads. These 

results suggest that nerve fibre loss was accompanied by comparable decreases in 

p75NGFR levels. There is thus no indication from this preliminary study for an influence 

of GH on either p75 ĜFR expression or nerve growth.

The glandular acini appear to have a critical role in the present investigation. An 

inflammation-mediated atrophy in gland size was accompanied by a reduction in total 

innervation and with it p75 ĜFR expression. In line with the initial hypothesis, acinar
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hypertrophy would be expected to result in parallel increases in innervation. Only the 

first of these inferences were found to be correct. Analysis of nerve data as nerve area 

per acinus revealed a decrease in the PGP innervation of ESGs (in RSA injected aged 

rats) to levels comparable for those in the r-hGH treated footpads (data not shown). 

However, no increase in nerve density or p75̂ *̂ ^̂  expression was observed following 

r-hGH treatment. Hence, despite an influence on gland size, GH had no effect on nerve 

growth.

If the direct hypothesis is only partly correct in this model, what other factors could be 

influencing GH action? There may have been a failure to generate IGF-I, or 

inflammatory processes may have interfered with the predicted function of GH. Both 

these suppositions will be discussed below.

GH-induced sciatic nerve regeneration is believed to be mediated via paracrine actions 

of IGF-I The corollary, for the present investigation, would relate to a failure of 

IGF-I production which would be the mediator of neurotrophic functions of GH. The 

reason for a possible lack of IGF-I effect in the present study can only be speculated at, 

considering the limited data. Possible explanations, however, may lie in a failure of 

locally injected GH to stimulate paracrine IGF-I production. Alternatively, the 

neurotrophic effect may be dependent on circulating IGF-I levels which are unlikely to 

have been increased by the local injection regime in the present study. However, both 

GH and IGF-I are involved in tissue repair and regeneration during inflammation 

Further, IGF-I is expressed in granulation tissue and IGF-I and its BPs in wound fluid 

Hence, the presence of IGF-I in the local environment was probably increased 

following footpad injections.

With regard to inflammation, is there any evidence which indicates a reduction in 

trophic support in the vicinity of the response? In rat lacrimal glands, the ageing process 

is associated with a reduction in cholinergic innervation, which may be a consequence 

of inflammation-mediated acinar destruction Similarly, glandular atrophy in 

inflammatory bowel disease is accompanied by a reduction in periglandular peptidergic 

nerves, even in resolving ulcerative colitis Alterations in skin neuropeptides have 

been documented in a wide range of human conditions with an inflammatory component 

325,328,329,452 gg^iapati et al were able to demonstrate a reduction in neuropeptide 

content in the vicinity of wound healing in rat footpads for up to two weeks.
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Conversely, Konttinen et al showed labial salivary gland atrophy, despite a normal 

cholinergic innervation, in subjects with local acute inflammation. These studies indicate 

that glandular atrophy is a normal consequence of inflammatory processes and that 

innervation to these structures may also regress in parallel with the glandular change. 

There is also evidence, however, of an increase in nerve activity in the vicinity of 

inflammatory responses. The efferent role of sensory fibres during inflammation is well 

documented and involves an antidromic release of neuropeptides from nerve endings 

455-457 ^  critical role of mast cells in this process is evidenced by close contact of mast 

cells with these nerve fibres, with bidirectional interactions occurring Though mast 

cells express the NGF receptor trk A, and NGF is believed to influence mast cell 

mediator release, pJ5 ĜFR present on mast cells Evidence for a direct role of 

sudomotor nerves in the inflammatory response is lacking. Therefore, a differential 

response of sympathetic and sensory nerves may be hypothesised, with sensory nerve 

ingrowth into the region of inflammation in the upper dermis, accompanied by a 

regression of sympathetic sudomotor fibres.

Further, the critical role of NGF in inflammation, and the dependence of both sets of 

nerve populations on this factor, suggests that the instructive signal to the ESG 

innervation may be NGF. Hill et al have shown that sympathetic and sensory 

neurones compete for NGF produced by target tissues in the developing rat footpad 

skin. Further elucidation of this process is required, especially as to the neuropeptide 

content of the sudomotor nerves in the present study and regarding the interaction 

between GH and NGF. Quantification of NGF levels in the sudomotor nerves may 

confirm the proposals outlined above.

A difference was observed, in both acinar size and possibly p75^^^ expression of aged 

rats, presumably due to inflammation and r-hGH treatment, which were not apparent 

in young rats. These results would suggest a greater sensitivity of aged rats to 

inflammation, a conclusion also suggested by the data of Williams et al who noted 

a greater mast cell infiltrate in exorbital lacrimal glands from aged rats. Changes due to 

r-hGH therapy would thus be consequent on a greater inflammatory reaction in ageing 

footpad tissue.

The results from the present investigation suggest that r-hGH therapy evoked a local 

glandular change and, to that extent, the footpad appears to be a suitable model for
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investigating growth factor-target interactions. However, the sensitivity of the footpad 

skin to inflammation means that frequent injection regimes should be avoided in future 

studies. In summary, preliminary data, from r-hGH treatment of young and old rat 

footpad tissue, suggests that inflammation caused an atrophy to aged rat ESGs, an 

effect which was only partly reversed by r-hGH administration. The decrease in acinar 

size was accompanied by a reduction in the extent of innervation and neuronal p75^^^ 

expression around the ESGs. Local GH treatment had no effect on nerve growth or 

p75 ĜFR expression possibly due to complications of the inflammatory response.
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CHAPTER 5 

A N  INVESTIGA TION OF SKELETAL MUSCLE 

IN  GRO WTH HORMONE-DEFICIENT SUBJECTS 

BEFORE AND AFTER RECOMBINANT HUMAN 

GROWTH HORMONE THERAPY.
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Chapter 5 

Introduction

£1.1. Muscle; function and composition

Myosin and actin are the major (80%) myofibrillar proteins in muscle. Cross-linking of 

these proteins results in contraction via actin-activated myosin adenosine triphosphatase 

(ATPase) activity, and hence the transduction of ATP-hydrolysis free energy into 

mechanical work and heat. Other myofibrillar proteins, which have a mainly regulatory 

or structural function, are also present in muscle and these include tropomyosin, 

troponin, a-actinin, desmin, connectin, C protein and M protein. Myosin has a 

molecular weight of 500 kDa and consists of two heavy chains and two pairs of light 

chains. The length of the myosin molecule is about 150nM constituting a tail region and 

two globular heads. The tail is composed of two a-helical heavy chain segments which 

coil around each other, fi'om these the heads project forming a globular complex with 

one molecule of each type of light chain. The globular heads interact with actin and 

form the cross-bridges between the thick (myosin) and thin (actin) filaments of muscle. 

ATPase activity is restricted to the globular head whilst the tail has a structural role.'̂ ®̂ 

Both myosin heavy chains (MHCs) and myosin light chains exist as multiple isoforms 

that are differentially distributed in several fibre types MHC and myosin light chain 

variants can associate in various combinations, generating a large number of myosin 

molecules The functional significance of myosin polymorphism lies in each muscle 

fibre having an isomyosin expression, coded for by a distinct gene, which determines 

its intrinsic contractile dynamics Individual muscle fibres also contain varying 

proportions of glycolytic, oxidative and phosphorylase enzymes which can be used to 

histochemically characterise the fibres. Hence, the myosin ATPase reaction allows the 

detection of at least four types of fibres in human muscle. These are the slow 

contracting type I fibres (oxidative, for sustained powerful activity), and the fast 

contracting type IIA (oxidative/glycolytic), IIB (anaerobic, for rapid intermittent 

activity) and IIC fibres The last has intermediate properties to type IIA and IIB 

fibres, and is found in foetal muscle and under pathological conditions
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The isomyosin profile is increasingly being utilised as a marker of fibre type. Expression 

of myosin genes changes during development, as well as during post-natal life in 

response to physiological stimuli. Hence, changing functional demands may be detected 

by an alteration in the fibre type and hence isomyosin profile Analysis of single 

muscle fibres have demonstrated that specific MHCs I, Ila, and Ilb, correspond to the 

histochemically defined fiber types I, IIA, and IIB respectively The presence of two

distinct groups of early myosin components is found in foetuses which correspond to 

the type IIC fibres Further, an additional MHC Ild has been characterised, and 

fibres containing this isoform have been designated HD (fast type), and found to be the 

same as the recently identified 2X fibres ^̂ >̂̂ 2̂,464 containing Ild/IIxMHC have

an aerobic oxidative capacity intermediate between that of the type IIB and IIA fibres, 

a similar shortening velocity to DA fibres, and share a similar power output to IIB fibres 

461,465 MHC genes are located on two clusters in humans, the p/slow-MHC gene 

is closely linked to the cardiac a-MHC gene on chromosome 14, whilst at least six 

genes, including the embryonic, neonatal and adult fast MHCs, are clustered on 

chromosome 17

Aside from situations of development and muscle regeneration, where muscle 

hyperplasia occurs, fibre hypertrophy/atrophy and fibre type switching are believed to 

be the normal response of muscle fibres to physiologic stimuli The modulation of 

MHC genes in adult skeletal muscle can be influenced by a variety of factors, including 

innervation, mechanical loading/strength training, and hormonal (mainly thyroid 

hormone) alterations Hence MHC gene expression can transform fibre phenotype 

in the order I ^ I C ^ I I C ^ I I A ^ 2 X ^ I I B  Thus, for example, chronic low- 

frequency nerve-stimulation in the rabbit induces pronounced fast-to-slow transitions 

for both MHCs and fibre types Evidence to suggest that similar mechanisms exist

in humans are mainly circumstantial. Hence, the presence of both fast and slow type 

myosin chains in the same fibre, which is a characteristic of a fibre in an intermediate 

stage of fibre switching, has been demonstrated in mammalian developmental and cross

innervation studies The presence of type DC fibres in human foetal muscle, which 

are the precursors of both the type I and the type IIA fibres, suggest that similar 

mechanisms of myosin gene activation exist in humans
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The situations in which fibre type changes in adult humans are varied. Fibre type 

changes are known to occur in response to resistance training Also, the

proportion of type I fibres has been shown to increase with age in the 22-65y bracket 

though other studies have demonstrated no such change in similar age groups 

However, longitudinal studies suggest that the proportion of type I fibres does indeed 

increase in normal adults with age, whist the percentage of type I fibres is greater in 

adult females than adult males In contrast, teenage boys and girls demonstrate a

similar fibre type distribution Hence, fibre type may change under the hormonal

influences of puberty. This is believed to occur by the switching-on of normally inactive 

genes and the switching-off of those that had been active In dystrophic muscle, in 

neuromuscular diseases, and in anorexia nervosa, an increase in the proportion of type 

I fibres occurs. This is attributed to muscle atrophy which results in surviving muscle 

fibres being more intensely used than normal The increase in type I fibres in 

Duchenne muscular dystrophy is accompanied by an increase in the slow myosin 

content of their muscle A similar pattern of fast to slow fibre type conversion occurs

in hypothyroidism with the reverse occurring in hyperthyroidism

EI.2. Growth hormone and muscle in human studies

Patients with acromegaly have an increase of muscle bulk and strenth in the earlier 

stages of the disease'̂ ^̂ . The demonstration of myopathy in acromegaly by Mastaglia et 

al indicated an effect of GH on neuromuscular function. ACR patients were found 

to have proximal muscle weakness, easy fatiguability, short action potentials and 

hypertrophy of both type I and type II muscle fibres Atrophy of muscle fibres was 

also observed in ACR subjects during the later stages of the disease A functional 

failure of morphologically normal muscle fibres was postulated especially as animal 

studies also suggested that the contractile strength of long-term GH treated animals was 

reduced, despite hypertrophy of their muscle In addition, excess GH treatment 

in rats was shown to decrease ATPase activity, and membrane excitability, despite 

increased concentrations of actin and myosin

GH-deficient adults frequently suffer fi'om general fatigue, low physical capacity and 

reduced muscle strength, size and force-generating capacity suggesting the presence of 

a proximal myopathy these shortcomings, adult patients with
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childhood onset GHD have muscle force and peak power comparable to that recorded 

in controls In these subjects, following discontinuation of GH therapy for a year, 

a reduction in muscle strength, mass and fibre area occurs, whilst no change in fibre 

type composition is observed 9̂.483,484 patients with GHD acquired as children or 

as adults, treatment with r-hGH, for six to eighteen months, results in an increase in 

skeletal muscle and lean body mass, a reduction in fat mass, an elevation in maximum 

isometric force, and an increase in strength is seen, but only in certain muscle groups 

(quadriceps and limb girdle muscles) 12,22,187,188,190,482 ^  positive relationship between 

peak IGF-I levels on GH and the changes in muscle strength is observed in these 

subjects In a similar study, on the effects of six months of r-hGH therapy in adult 

subjects with GHD, there was no elevation observed in fibre diameter or fibre 

proportions of either type I or type II muscle fibres Also, adult GH-deficient 

patients were shown to have comparable type I/II fibre areas, and analogous fibre 

proportions, to control subjects both before and after six months r-hGH treatment 

The lack of a substantial change in muscle fibre size and proportions suggests that the 

influence of r-hGH may become evident only when accompanied with other factors 

such as training. Evidence from animal studies indicate that muscle atrophy, in 

hindlimb-suspended young and old rats, can be reduced by a combination of resistance 

exercise and r-hGH therapy However, exercise-induced increases in muscle area 

and strength were not augmented by r-hGH therapy in elderly subjects 216,489 

Since muscle mass was shown to increase in r-hGH treated GH-deficient adults the 

lack of increase in fibre area may suggest a flaw in the methodology which failed to 

detect fibre hypertrophy. Alternatively, non-contractile elements such as water, fat and 

connective tissue, may have increased, though no histological evidence of this was 

observed It is also possible that hyperplasia of fibres may have occurred. This is 

suggested by the data of Cuneo et al though not commented on by the authors 

(number of type I fibres per quadriceps femoris increased by 29.5% on r-hGH, p>0.05). 

In support of the latter proposal, r-hGH treatment is known to increase nuclear DNA 

synthesis and to stimulate satellite cell proliferation in rat skeletal muscle Treatment 

with r-hGH in normal and postoperative patients stimulates protein synthesis Also, 

six hours r-hGH administration to nutritionally depleted subjects has been shown to 

elevate MHC mRNA levels without changing serum IGF-I levels However, muscle
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protein anabolism seen in humans, following r-hGH infusion, can be replicated by 

infusion with IGF-I

EI.3. Growth hormone, insulin-like growth factor I and muscle innervation

Muscle fibres innervated by a single motor neurone possess identical histochemical 

characteristics and uniform physiological properties Cross-innervation studies have 

indicated the trophic influence of the innervation in determining the structure and 

physiological properties, and hence histochemical type, of skeletal muscle The role 

of IGFs as candidate muscle-derived neurotrophic factors is well-established and 

involves their action as survival and differentiation factors for motoneurons, as inducers 

of nerve sprouting, and as modulators of development and turnover of neuromuscular 

synapses ACh receptor clusters have been shown to be induced by IGF-I in

cultured muscle cells, and motoneuron GAP downregulation in vivo can be prevented 

by IGF-I IGFBPs have been localized in intramuscular nerves and at the

neuromuscular junction within the presynaptic nerve terminal, retrograde transport of 

the BP occuring along the axon The altered strength in GH-deficient patients may 

be due to an altered neural recruitment of muscle fibres. However, Sartorio et al 

were able to fully activate all muscle fibres even before GH therapy. Hence, the increase 

in force seen with GH treatment, due to fibre hypertrophy and/or hyperplasia, was 

produced by the same level of neural activation

EI.4. Growth hormone, insulin-like growth factor 1 and muscle in animal studies

Immunoreactivity and mRNA for IGF-I in striated muscle has been demonstrated 

Receptors for IGF-I have been identified in skeletal muscle and IGF-I exerts an anabolic 

action on skeletal muscle through mitogenic action and stimulation of cell 

differentiation In addition, it elicits metabolic actions such as stimulation of 

glucose and amino acid transport, and promotes a net positive protein balance A 

number of different stimuli are known to induce IGF-I expression in animal muscle. 

These include stretch-induced skeletal muscle growth, partial denervation of muscle, 

work-induced compensatory hyperplasia/hypertrophy, electrically contracted muscle, 

and muscle regeneration following injury Muscle regeneration and hypertrophy, 

in normal and hypophysectomised rats, initially involves localisation of IGF-I in satellite
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cells which are induced by IGF-I to proliferate and differentiate, particularly fibroblasts 

99,503-506 satellite cells constitute the precursor cells for muscle growth and 

hypertrophy in the postnatal organism, and these display IGF-I immunoreactivity along 

with intramuscular nerves and blood vessels Hence, elevated intramuscular IGF-I 

may be an early signal from muscle fibres to initiate regenerative changes 

Subsequently, autocrine release of IGF-I and BPs from myofibres occurs Thus, 

during muscle regeneration, IGF-I stimulates proliferation, and promotes fiision, of 

myoblasts with increased immunoreactivity for IGF-I present in the cytoplasm of 

myoblasts, myotubes and mature muscle cells, the cytoplasmic location suggesting local 

synthesis 500,506,507 Regeneration can be impaired in mice by the injection of antibodies 

against IGF-I Following hypophysectomy or injury, skeletal muscle IGF-I level 

increases in rats were found to be dependent on exogenous r-hGH administration 5o»,509

£1.5. Growth hormone, insulin-like growth factor I and muscle fibre types and 

myosin expression

Exercise is one of the most important stimuli for GH production in humans 

Following exercise, human and rat muscle display an increased expression of IGF-I in 

vascular and satellite cells The exercise evoked increase in IGF-I is of both liver 

and muscle IGF-I mRNA in rats GH suppression in rats results in a reduction of 

IGF-I message in the liver to a much greater extent than in the muscle. Training in these 

GH suppressed rats causes an increase of mainly muscle IGF-I mRNA, suggesting a 

GH-independent increase of IGF-I in muscle Similarly for both normal and GH- 

deficient adults, following exercise, an increase in serum IGF-I occurs which is 

independent of GH levels

Muscle protein synthesis is decreased in hypophysectomised rats, including a reduction 

in type I fibres, both of which can be reversed on r-hGH treatment p^rther, 

message for the type I, type Ila, and embryonic MHCs are decreased on 

hypophysectomy, whilst those of type lib and neonatal MHCs increase dramatically 

Treatment with r-hGH reverses most of these changes, including increases in total 

DNA, RNA and protein content of the muscle 512-514 jype I MHC levels are the 

exception though these also return to pre-hypophysectomy levels in rats on a restricted 

diet The latter data suggests an involvement of IGF-I in the process, since IGF-I can
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directly affect MHC gene expression in the heart, and nutrition is known to alter GH 

modulation of IGF-I levels An increase in muscle fibre diameter occurs on r-hGH 

treatment of normal rats, as does an increase in the DNA.protein ratio and satellite 

cells:muscle fibre ratio However, normal rats do not exhibit an alteration in muscle 

fibre phenotype on r-hGH administration in the same muscle groups that demonstrate 

changes in hypophysectomised rats (soleus and extensor digitorum longus muscles)
132,515

£1.6. Aims of the investigation

The fatigue and weakness experienced by GH-deficient adults may be due to an 

increased proportion of fast, fatiguable, type II fibres in their skeletal muscle This 

would be in keeping with the above data from hypophysectomised rats which suggests 

a decrease in type I fibres A consequence of increased levels of type II fibres 

would be an elevation in the speed of contraction and relaxation of the muscle This 

was indeed found to be the case in a group of GH-deficient adults for their quadriceps 

muscle Further, there was a trend observed in these patients for a return to normal 

values for these parameters following GH replacement Though other studies have 

found no changes in either the proportions or size of type I/II fibres, it was important 

to verify these observations due to the recent indirect evidence of Rutherford et al 

suggesting an increase in type II fibres in GHD, and the study by Cuneo et al which 

indicated that hyperplasia of fibres was occurring on r-hGH therapy.

The data from patients with lean body wasting (see EL2.) suggest either a direct 

action of GH on muscle, or an indirect influence via local production of IGF-I In 

support of this proposal, injection of anti-GH antibodies into prepubertal rats is shown 

to reduce the growth rate of the whole body, including muscles and bones, without 

affecting plasma IGF-I levels However, in adult rats serum IGF-I concentrations are 

substantially reduced on anti-GH treatment, muscle mass being similarly decreased 

Hence most of the actions of GH on muscle, in animal studies at least, are believed to 

occur as a combination of muscle- and liver-derived IGF-I, with the overall evidence 

suggesting autocrine IGF-I as a major mediator in the process. Since the situation in 

human studies is not so clear, an evaluation has been attempted of IGF-I mRNA 

expression in muscle from patients with GHD, both before and after r-hGH treatment.
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A comparison of such data with the circulating levels of IGF-I should provide an 

indication for the importance of a local verses endocrine action of IGF-I.

Rat muscle IGF-I expression is altered in paralyzed and stretched skeletal muscle 

The distribution of IGF-I message, in the latter studies, was particularly prominent in 

the cytoplasm of muscle fibres. However, the particular fibre types associated with 

these increases in IGF-I mRNA were not evaluated. It was hypothesised that beneficial 

effects of r-hGH therapy in adult GH-deficient patients would be accompanied by fibre 

type-specific changes in muscle IGF-I mRNA expression.

The methodology adopted in the present study is a combined immunohistochemical 

(IHC) and in situ hybridisation (ISH) approach. A quantification of muscle fibre 

proportions and size has been carried out on tissue taken from GH-deficient patients 

at the three trial stages. With the same biopsy samples, mRNA for IGF-I has been semi

quantified for particular muscle fibre types. In addition, preliminary data with a reverse 

transcriptase polymerase chain reaction (RT-PCR) method have been obtained, in order 

to provide complementary evidence to the ISH results.
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Chapter 5 

Methods

EM .l. Introduction

In order to investigate the effects of GHD and r-hGH therapy on skeletal muscle, IHC, 

ISH and RT-PCR was used. Biopsies from the vastus lateralis muscle were obtained 

(see EM.2.) at the three trial stages. Due to incompatible fixation procedures, and 

patient non-cooperativity, tissue from only ten patients was available for analysis at all 

three trial stages. The ten patients consisted of 7 males (mean age 45.4y) and 3 females 

(mean age 38y). Three of the male patients received r-hGH for twelve months whilst 

all other patients were given placebo for six months, then r-hGH for the next six month 

period. There were no control patients recruited due to the unpleasant nature of the 

biopsy procedure.

Cryostat sections were cut and IHC carried out with monoclonal antibodies to MHCs 

for type I or type II fibres. All fibres in muscle sections were stained with this 

procedure, allowing an assessment of fibre proportions (see EM. 3.). Adjacent slides to 

those stained for MHCs were processed for ISH utilising a cRNA probe to a general 

sequence of IGF-I (sQeEM.4.). The ISH signal was imaged in the light microscope and 

assessed semi-quantitatively using computerised image analysis (see EM. 5.), 

comparison with adjacent slides stained for MHCs allowing a differentiation between 

signal on type I or type II fibres. The image analysis also allowed the simultaneous 

measurement of fibre areas. Uncut biopsy material was processed for RNA analysis 

using a RT-PCR method (see EM.6.). The probes utilised in the RT-PCR procedure 

were for specific IGF-I transcripts, expressed normally, or in situations of muscle 

growth (see EM. 6. ).

EM.2. Biopsy and muscle processing

All biopsies were carried out by a single physician with the Bergstrom method The 

vastus lateralis muscle was chosen due to its mixed fibre distribution and availability 

of reference data for morphological parameters. Following infiltration of the skin with 

2% lignocaine, a small incision was made and a standard percutaneous muscle biopsy 

needle inserted into the muscle, with a similar mid-muscle depth attempted at every
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biopsy. After several bites with the biopsy needle, about 50mg of muscle was obtained 

per biopsy. The muscle was divided into two portions. That for IHC and ISH was 

subdivided into several pieces, segments of which were mounted in cryo-embedding 

medium (Bright, UK) on cork blocks in a transverse orientation. These muscle blocks, 

and other pieces for RT-PCR analysis, were frozen in iso-pentane cooled by liquid 

nitrogen (to avoid ffeeze-ffacture artefacts) and subsequently stored at -80°C. 

Cryostat sections were cut at -20 °C as a sequence of 7 pm serial transverse sections, 

with three sections per slide. Sections were thaw mounted on slides coated with silane 

(see appendix G.4.\), and representative slides obtained from a thickness of 3mm 

muscle. For each biopsy, four groups of three slides were processed, separated from 

each group by a thickness of about 400-500pm. After cutting of slides, and room 

temperature drying for up to 15min, slide trays were wrapped in aluminium foil, then 

in plastic bags and stored at -80°C. Care was taken to avoid RNase contamination at 

this and all subsequent stages for ISH and RT-PCR analysis. This was accomplished by 

using sterile equipment, baking all glassware or using disposable plasticware, 

autoclaving appropriate solutions, using RNA-grade chemicals, treating solutions with 

diethyl pyrocarbonate (DEPC, an inhibitor of RNases), as well as elementary 

precautions of wearing gloves and maintaining a clean environment. In addition, before 

cutting sections, the cryostat blade was cleaned with acetone then with a 1% sodium 

dodecyl sulphate (SDS) solution containing DEPC.

EM.3. Immunohistochemistry for myosin heavy chains

Preliminary experiments were carried out using mouse monoclonal antibodies to MHCs 

I and n  (IgG-1, Clone No. MHCs and MHC/’respectively from Biogenesis Ltd, UK). 

These antibodies had previously been shown to stain for myosin with an indirect 

immunoperoxidase method An immunofluorescence procedure was substituted 

for the immunoperoxidase technique to allow double-immunolabelling. Results fi'om the 

double-labelling procedure revealed recipricol staining for the two antibodies with no 

overlap in staining observed. This was true for muscle taken from patients at all trial 

stages. It was important to verify the distinct staining pattern of both antibodies, as the 

coexistence of fast and slow myosins within a single fibre may occur during fibre type

167



switching Hence, for the subsequent experiments, only the MHC I antibody was 

used to stain sections. Unstained fibres were assumed to contain MHC II.

The IHC procedure was broadly similar to that described earlier (see CM. 3.3.). Slides 

were thawed at room temperature before unwrapping, to avoid ffeeze-thaw artefacts, 

then fixed in 4% paraformaldehyde for 20 min. After washing in Hepes buffer, sections 

were incubated in 5% goat serum for 60 min. A rinse in Hepes buffer was followed by 

incubation overnight in a humid chamber with mouse antisera raised against MHC I 

(1:100 dilution). Following incubations, the sections were rinsed in PBS and incubated 

with goat anti-mouse fluorescein isothiocyanate (Dako Ltd, UK; 1:80 dilution) for 90 

min at room temperature. After a final wash in PBS, slides were mounted in antifade 

mountant (Citifluor, UK).

£M.4. In situ hybridisation with the digoxigenin system 

ËM.4.1. Introduction

The non-radioactive digoxigenin (DIG) system for labelling and detection of nucleic 

acids is simple, provides better spatial resolution, and is a safer alternative to the 

conventional radioisotope methods for in situ hybridisation The use of the DIG 

molecule (a steroid isolated from the plant Digitalis purpurea), linked to uridine- 

triphosphate (UTP), as a marker in cRNA probes for the detection of mRNA sequences 

in situ is reliant on subsequent detection by anti-DIG antibodies. The detection 

procedure involves an amplification stage (with alkaline phosphatase and colorimetric 

substrates) in order to increase the signal. Intensity of staining on a nylon membrane for 

a given probe can be linearly correlated with the concentration of control RNA 

Hence semi-quantitation of the stain intensity can be carried out if standardised 

protocols are followed in the hybridocytochemistry procedure A complementary 

approach is to measure the signal density. The latter method allows relative estimates 

of the area occupied by the signal grains To ensure semi-quantitation the following 

steps were incorporated into the design of the experiments:

i) Since DIG-UTP cRNA probes are stable for months, the same labelled probe was 

used throughout the study hence limiting the influence of variable probe activity.

ii) Tissue from patients at the three trial stages were processed together in the same in 

situ hybridisation experiment. Quenching of the reaction product was carried out at the
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same time for all slides in a given run. Stopping the colour-development reaction was 

carried out at a time (15 hours) when, though the linear increase in stain intensity had 

not yet plateaued yet was of a measurable density without the background signal 

being of consequence.

iii) Serial sections on separate slides were processed using either anti-sense or sense 

probes. Subsequent computerised image analysis was carried out on the same fibres in 

each section (see EM. 5.).

Details for chemicals and reagents in the following sections are to be found in Appendix 

G.4.3.

EM.4.2. Probe characteristics

The synthesis and characterisation of a 280 base pair (bp) IGF-I RNA probe had been 

previously described and established and did not constitute a part of this study. The 

previous work had shown, for rabbit muscle, the hybridisation of the probe with the 

two prominent IGF-I mRNA species, 1.2kb and 7.5kb long. The cDNA, covering exon 

3 and part of exon 4 of the IGF-I gene, was subcloned into a phagemid vector 

(Stratagene) containing T3 and T7 promoters. It was now possible to synthesise labelled 

sense and anti-sense RNA probes by in vitro transcription, with RNA polymerase using 

DIG-UTP as substrate.

EM.4.3. Probe labelling

The DNA to be transcribed was already subcloned into the polylinker site of a 

transcription vector (multiple cloning site adjacent to the RNA polymerase promoter 

in the pSPTlS or pSPT19 transcription vector). Digestion of the plasmid with a 

restriction enzyme linearized the DNA. After purification and establishing the 

concentration of linearized DNA, 'run off transcripts of uniform length were 

synthesised by using this linear DNA template. These transcripts have the DIG molecule 

incorporated enzymatically into the riboprobe during the in vitro transcription stage. 

The success of the transcription was verified by checking the concentration of RNA 

present, and DIG incorporation was established immunochemically with an anti- 

digoxigenin antibody conjugated to alkaline phosphatase.

For a detailed description of the probe labelling procedure see appendix G.4.2.
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EM.4.4. In situ hybridisation protocol 

EM.4.4.1. Pretreatment of sections

Slides were thawed at room temperature before unwrapping to avoid ffeeze-thaw 

artefacts then fixed in fresh 4% paraformaldehyde (20 min at 4°C). Steps to partly 

denature the tissue and hence increase accessibility and improve signal to noise ratio 

were carried out. These consisted of incubations in 0.2N HCl (20 min at room temp.), 

in 2x sodium chloride-sodium citrate buffer (2xSSC; 15 min at 70°C), and in pronase 

(7 min at 37°C), with 2 min IxPBS washes in between. The digestion by pronase was 

stopped with glycine (30 sec at room temp ). The slides were then fixed once again in 

fi'esh 4% paraformaldehyde (5 min at 4°C), fixation being blocked by 3xPBS (5 min at 

room temp.) and IxPBS (2x30 sec at room temp ). After rinsing, slides were treated 

with acetic anhydride in order to cover the section with negative charge to repel nucleic 

acids. This was accomplished by initially equilibriating slides in fresh triethanolamine 

bufifer (O.IM, 2 min at room temp ), followed by incubations in 0.25% acetic anhydride 

containing fresh triethanolamine buffer (5 min at room temp ), and 0.5% acetic 

anhydride containing fresh triethanolamine buffer (5 min at room temp ). Acétylation 

was blocked by 2xSSC (5 min at room temp ). The above steps were carried out with 

gentle agitation. Preliminary experiments had established that a pre-hybridisation 

incubation, with hybridisation buffer but without probe, did not reduce background 

staining, hence, a pre-hybridisation step was not included in the protocol.

EM.4.4.2. Hybridisation

Adjacent slides were divided for labelling with either sense or anti-sense probes and 

fi-om this stage processed separately. Additional slides were also included as negative 

controls. These were treated identically except for either no addition of probe or an 

addition of 100-fold excess of unlabelled probe. The previously labelled probe (see 

appendix G.4.2:, probe concentrations were 107.5ng/pl for anti-sense, 95.47ng/pl for 

sense) was diluted in hybridisation buffer to a concentration (lOOOng/ml) which had 

been shown to maximise the nucléation reaction. After drawing around the sections 

with a paraflSn pen (Dako, UK), diluted and vortexed hybridisation bufifer was applied 

(55 pi per section). Sections were coverslipped and slides placed in a container
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humidified with 2xSSC. The humidified container was placed in an hybridisation oven 

at 68 °C for 60 min, afl;er which the oven temperature was lowered to the anneal 

temperature (43.5 °C, 15 hours).

EM.4.4.3. Post-hybridisation washes

For the subsequent stages, though sterile solutions were used, it was no longer 

necessary to maintain RNase free conditions as the probe-mRNA duplex is stable. 

Coverslips were removed and slides washed in 2xSSC (15 min at room temp ). Steps 

to remove non-duplex sequences, unbound probe, and non-specific probe-mRNA 

sequences, were carried out. Incubation with RNase (30 min at 37°C) was followed by 

three 30 min incubations in SSC (IxSSC, 0.5xSSC, 0.5xSSC at room temp., 47°C, and 

room temp., respectively). Slides were then rinsed in DIG wash buffer (1 min at room 

temp.) and equilibriated in DIG buffer 2(30 min at room temp ).

EM.4.4.4. Immunological detection

Sections were incubated in a humidified chamber (60 min at room temp.) with lOOpl 

per section of an alkaline phosphatase conjugated anti-DIG sheep polyclonal antibody 

(diluted 1:500 in DIG buffer 2). Two washes in DIG buffer 1(15 min at room temp.) 

were followed by a rinse in DIG buffer 3 (2 min at room temp ). Colour detection 

reagent was prepared immediately prior to usage. Each section had lOOpl of colour 

detection reagent applied and the slides incubated in the dark in a humidified chamber 

(15 hours at room temp ). Slides were finally washed in DIG buffer 4(30 min at room 

temp.) and mounted in glycerin jelly.

EM.5. Imaging methods and quantitation

A minimum of 100 fibres of each fibre type, per slide stained for MHC, were manually 

counted, and the result expressed as a percentage of type I fibres. The KS400 imaging 

system (Kontron, UK), interfaced to an Olympus Vanox AH-2 fluorescence microscope 

with a Photonic Science low light camera, was utilised. Images were stored of the same 

fibres stained with type I MHC antibody, IGF-I anti-sense probe, and IGF-I sense 

probe. Three fields from one section per slide were measured, in contrast to the fibre 

proportion analysis which incorporated a much larger field of analysis.
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A program was written with Kontron KS400 software for the measurement of fibre 

area and stain density. Loops in this macro allowed the measurement of these 

parameters in the same field for both fibre types. The experimenter was blind regarding 

treatment stage of tissue or sense/anti-sense section. The fibre area data were corrected 

for fibres in a non-transverse orientation. ISH signal was expressed in terms of stain 

area in a given field. Fibre size and number data, for the same field, allowed the 

expression of ISH signal as stain area per fibre area, or stain area per fibre.

EM.6. Reverse transcriptase polymerase chain reaction methodology

Total RNA was extracted and subjected to RT-PCR with two oligonucleotide 

primers (IGF-IEa and IGF-IEc). These primers enabled the selective amplification of 

either the IGF-IEa or IGF-IEc cDNA Both the IGF-IEa and IGF-IEc transcripts are 

expressed in stretched rabbit skeletal muscle, undergoing hypertrophy. The IGF-IEa 

transcript is also present in normal muscle Hence, the Ec-peptide is believed to be 

a local growth regulator which is switched on by mechanical rather than hormonal 

stimuli.

The two types of cDNA differed by the presence (IGF-IEc) or absence (IGF-IEa) of 

a 52bp insert The 5' primer sequence (5 GCTTGCTCACCTTTACCAGC3 ) was 

common to both probes (complementary to exon 3 of the IGF-I gene), whilst the 

sequence of the 3' primer for the IGF-IEa probe was 

5'AAATGT ACTTCCTTCTGGGTCT3 ' (complementary to parts of exons 4 and 6). For 

the IGF-IEc probe, the 3' primer sequence was 5 TTGGGCATGTCAGTGTGG3 ' 

(complementary to parts of exons 5 and 6), being different to the IGF-IEa sequence due 

to the 52bp insert.

The RT-PCR reaction was performed for 35 cycles in a thermal block (Hybaid) with 

sequential dénaturation (94 °C, Imin), annealing (65 °C, Imin) and elongation (72 °C, 

Imin), before a final elongation step for 7min at 72 °C. The product of the RT-PCR 

reaction was separated on a 1.5% agarose gel.

Results are presented for only three patients as the aim, of this experiment, was to 

establish the presence of IGF-I mRNA in the muscle by an alternative methodology to 

ISH. Hence, the data from ISH is also presented for each patient, together with the 

outcome from the RT-PCR.

172



Chapter 5 

Results

ER.1. Muscle fibre proportions

The percentage of type I fibres was initially examined for data dispersion and found not 

to follow a normal distribution (figure ER.1 a). Transformation of the data, by either 

taking logarithms or square roots (results not shown) failed to achieve a normal 

distribution. The data were therefore analysed with the non-parametric K-W ANOVA 

method. There were no significant changes in the proportion of type I and type II 

muscle fibres over the trial period (figure ER Ib). Analysis of data, by expressing data 

from each patient as a percentage of the baseline values, also failed to show any 

difference between groups (data not shown). When the data were examined for gender 

differences, again, no significant differences were observed (figure ER.Ib). However, 

in females, a trend was observed for a decline (18.5%) in the percentage of type I fibres 

over the trial period. Examination of data for differences due to age of patients failed 

to reveal any influence of this parameter. Similarly, dividing data into those patients 

who agreed to continue with post-trial r-hGH therapy, and those who did not (six 

patients for, four against) did not reveal any changes. Finally, fibre proportions in 

euthyroid subjects were compared with those in patients receiving thyroxine 

replacement, and no differences were observed (data not shown).

Summary

► Fibre proportions are not affected by r-hGH therapy.

► Females appear to exhibit a reduction in type I fibres over the trial period, 

however, this was not significant.
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Figure E R .la  Graph showing data distribution for the proportion of type I fibres 
(samples from patients at the three trial stages). Data expressed as a percentage o f type 
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Figure E R .lb ; Histogram showing the proportion of type I fibres for all patients and 
for patients according to gender.
Data expressed as a percentage of type I fibres.
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m -patients after six or twelve months r-hGH. Error bars show SEM.
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ER.2. Muscle fibre area
The data were not normally distributed (figure ER.2a). Although logarithm 

transformation of the data failed to achieve a normal distribution, the square root 

transformation of data method, resulted in an approximately normal distribution 

(Shapiro-Wilk statistic=0.78,//gwrg ER.2h). The transformed data were analysed with 

the parametric ANOVA method. The size of individual muscle fibres, for both fibre 

types, was smaller (10-12%, p=0.045) in the placebo group relative to the baseline and 

r-hGH treated groups {figure ER2c). Thus, r-hGH treatment, in relation to the placebo 

group, showed an increase in muscle fibre area. These changes were not statistically 

obvious when data were examined in relation to individual fibre types though a similar 

trend existed {figure ER.2c).

Gender differences were not observed, for the transformed data, in relation to r-hGH 

therapy for either fibre type (data not shown). However, males demonstrated larger 

fibre areas (13.6%, p=0.0004) than females for fibre types as a whole, and also for each 

fibre type (type I 13.9%, p=0.006; type II 13.3%, 022). figure ER.2d

A trend existed for type I fibres to be greater in size {5Vo, figure ER.2d) than type II 

fibres, however these were not significant differences. Further analysis, after 

transformation of data to reflect changes from baseline, revealed a similar trend. 

Following two-way ANOVA analysis, there was no interaction between gender 

differences and those observed due to trial group or fibre type. No evidence was found 

to suggest variations in fibre size between patients who agreed to continue on r-hGH 

and those who did not, or between euthyroid subjects and those receiving thyroxine 

therapy (data not shown).

Examination of data for differences due to age were only possible for the 35-44y and 

45-53y age brackets, due to small patient numbers. Fibre area, for both fibre types, in 

the 35-44y bracket was greater (12.1%, ^<0.00\, figure ER.2e) than that in the 45-53y 

bracket. The latter effect was also observed for the fibre types when analysed separately 

(type I fibres 11.7%, p=0.005; type II fibres 12.6%, ^=0.0\9, figure ER.2e). Following 

two-way ANOVA analysis, no interaction was observed for the age related decline in 

fibre size and the trial group status of the patients. However, a significant interaction 

existed between age and gender of patients, for fibre size in both fibre types (age x 

gender, p=0.012). The latter effect was evaluated by analysing male and female data for
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fibre size separately, with age as a variable. A more marked decrease existed in females 

as compared to males, for fibre size atrophy with age (males 7.9% decrease with age, 

p=0.028; females 25.1% decrease with age, p<0.001). The small numbers involved, 

however, meant that the latter result had to be treated with a degree of scepticism and 

has thus not been graphically presented.

A positive correlation was found for serum IGF-I levels and fibre size (Spearman 

correlation =0.343, p=0.013). Conversely, a negative correlation was present for fibre 

area and serum thyroxine concentrations (Spearman correlation =-0.246, p=0.046).

Summary

► Fibre size is reduced in patients during the placebo arm of the study as 

compared with the baseline GH-deficient subjects.

► Fibre size exhibits an increase in the r-hGH treated subjects as compared to the 

placebo group.

► Males have larger fibre areas than females.

► Older subjects (45-53y) have smaller fibre areas than younger patients (35-44y).

► There is a positive correlation between serum IGF-I levels and fibre size, whilst 

serum thyroxine values are negatively correlated with fibre area.
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GH-6/12m -patients after six or twelve months r-hGH. Error bars show SEM.
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Figure ER.2d; Histogram showing fibre type and gender differences for fibre area 
(square root transformed).
Error bars show SEM, ***p<0.001, **p<0.01, *p<0.05.
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Figure ER.2e: Histogram showing age differences for fibre area (square root 
transformed).
Error bars show SEM, ***p<0.001, **p<0.01, *p<0.05.

179



ER.3. In situ hybridisation

ER.3.1. In situ hybridisation signal localisation and distribution

The ISH signal for IGF-I message displayed a cytoplasmic location for muscle fibres 

(see plates 7ii & iii\ similar to that seen for paralyzed or stretched rat skeletal muscle, 

processed with a similar methodology The staining pattern was consistent across 

muscle fibres in a section, though individual fibres did show differing levels of staining 

compared to neighbouring fibres. The signal was generally present as grains arranged 

along longitudinal stacks (see plate 7iii). Additional ISH signal was distributed in 

connective tissue, interstitial cells, blood vessels, and intramuscular nerves (see plate 

7i). The expression of the IGF-I gene by the muscle fibres themselves was strongly 

indicated by the distribution of the ISH signal. The pattern of staining with the sense 

probe was similar to that with the anti-sense probe, though of a reduced density (see 

plates 7i, ii & iii).

Fibre size was found to correlate with the density of ISH signal (for both fibre types; 

ISH signal and fibre area, Pearson correlation=0.34, p=0.012). A common observation 

was that smaller diameter fibres expressed more ISH signal than that present in larger 

fibres (see plate 7iii). Since individual fibre signal values were pooled (with the 

remainder of values from a section), quantification of this phenomenon was not 

possible.

ER.3.2. In situ hybridisation signal data expression, distribution and statistical 

analysis

ER.3.2.1. Data expression

Initial analysis of the raw data revealed a marked inter-experiment difference in stain 

density. Thus, for non-specific/background staining, there was a 4 to 52% difference 

in staining, with the sense probe, in between separate experimental runs (data not 

shown). Tissue from each patient was processed in one batch, to avoid problems in 

interpretation. In order to allow group comparisons, two complementary approaches 

were carried out:

i) Inter-patient variation correction; data were expressed as a percentage of the 

baseline GH-deficient values. This approach results in the loss of data spread for the
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baseline group and therefore may result in loss of information regarding contributory 

factors.

ii) Inter-experiment correction; both sense and anti-sense data were expressed relative 

to the sense data for that experimental group with the highest level of sense staining. 

The scaling factor for this correction was obtained from the following calculation;

1- (a b) = scaling factor,

where a is data from experiment with low sense staining, 

where b is data from experiment with highest sense staining.

Though the signal with the sense probe was generally weak, in order to obtain a true 

estimate of the IGF-I mRNA, for each patient, the signal with the anti-sense probe was 

subtracted from that present for the sense probe. Hence, two sets of data were obtained 

after this subtraction; those originating from the scale factor corrected data and those 

derived from the original sense/anti-sense data. These measurements were then 

expressed relative to the morphological parameters of muscle fibre count or muscle 

fibre area:

(i) S ISH stain area/ S number of fibres, i.e. signal per fibre (S/F).

(ii) S ISH stain area/ S fibre area, i.e. signal per fibre area, expressed as a percent 

(S/FA).

The experimental groups thus obtained were as follows:

(i) S/F, from scale factor corrected data.

(ii) S/F as percentage baseline, from original data.

(iii) S/FA from scale factor corrected data.

(iv) S/FA as percentage baseline, from original data.

The above procedures for data expression are summarised in Chart ER.3 a.
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ISH SIGNAL ISH SIGNAL

a-SENSE SENSE a-SENSE SENSE

express relative to sense correction factor a-sense minus sense=signal (S)

a-SENSE SENSE
S per fibre area S per fibre1

a-sense minus sense=signal (S) (S/FA) (S/F)

S per fibre area S per fibre 
(S/FA) (S/F)

express relative to baseline group

Chart ER-3a: Flow chart demonstrating the two methods adopted for data expression. 
Left panel; Inter-experimental correction.
Right panel: Inter-patient correction.

182



ER.3.2.2. Distribution of the data

The data from either anti-sense or sense staining were shown not to follow a normal 

distribution either before or after scaling factor conversion (only anti-sense data for 

scale factor corrected data is figure ER.3a for S/F, figure ER.3b for S/FA).

Transformation of the raw data by taking logarithms or square roots (results not 

shown) failed to achieve a totally normal distribution. However, the Shapiro-Wilk 

normality test did indicate a near normal distribution, following log transformation, for 

both sense and anti-sense data (Shapiro-Wilk statistic 0.32-0.8). The data were 

therefore analysed with both non-parametric and parametric (for log corrected data) 

methods of statistical analysis.

ER.3.2.3. Results of statistical analysis 

ER.3.2.3.1. Length of sample storage analysis

All muscle biopsy samples had been stored for a period of sixteen to thirty months at 

-80 °C before ISH analysis making it important to consider the possible effects of 

storage on mRNA. It was not possible to investigate mRNA degradation in these 

samples for the first sixteen month period. However, it was possible to extrapolate the 

rate of an exponential decay in mRNA, if such a decay was indeed shown to be present, 

for samples stored between sixteen and thirty months. Storage at temperatures below 

-70 °C is known not to result in mRNA degradation for years In any case, even if 

some degradation has occurred, it should not be a problem as mRNA need not be 

completely intact in order to be detected by ISH The usage of a housekeeping gene, 

whose levels would remain stable over the trial stages, was not considered absolutely 

necessary since the design of the study, with an internal control group (placebo treated), 

should have ensured that anomalies, due to sample degradation effects, would have 

been identified.

The length of storage was divided into three equal periods (16-20m, 21-25m and 26- 

30m). Three separate evaluations of signal degradation were made:

i) ANOVA; comparing the signal density for ISH staining revealed no difference in 

signal betweeen samples stored for between sixteen and thirty months at -80 °C (for 

S/FA, figure ER. 3 c).
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ii) Regression analysis; since changes in ISH signal with r-hGH therapy may have 

obscured sample degradation effects, regression analysis, with length of storage as a 

covariant, was carried out on logarithm transformed patient groups (results shown for 

log S/FA, log S/F, log of non-scale factor corrected a-sense and sense data). The 

percentage baseline groups were not utilised as the same values for ISH signal at 

baseline were bound to skew the data. Data is presented for the regression significance 

and for as a percentage {table ER.3d). The latter indicates the contribution of the 

covariant to the main effect (in this case r-hGH treatment). There was no evidence from 

the regression analysis for an influence of length of storage on ISH signal. Though data 

presented is for r-hGH treatment, with six and twelve months treatment considered 

separately, analysis with treatment values as one group showed very similar results.

iii) Regression analysis; this additional regression analysis was carried out with 

covariant being months of storage {table ER.3a). There was a possible contribution of 

length of storage to the log S/FA data, however, this was not significant (p=0.077).
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Figure ER.3a: Graph showing data distribution for ISH signal in both type I and II 
fibres in muscle taken from all trial stages. ISH signal expressed as signal per fibre 
(S/F). Expected normal distribution also shown.
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Figure ER3b: Graph showing ISH signal data distribution for both type I and II fibres 
in muscle taken from all trial stages. ISH signal expressed as signal per fibre area 
(S/FA). Expected normal distribution also shown.
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Storage/3

P=

Storage/3 

R' (%) =

Months

P=

Months 

R '(% ) =

log S/FA 0.133 4.8 0.077 6.6

log S/F 0.144 4.6 0.9 0.03

log «-sense S/FA 0.219 3.3 0.307 2.2

log sense S/FA 0.584 0.66 0.854 0.07

Table ER.3a; Results from an ordinary least squares regression for length o f sample 
storage. The analysis was carried out with factor levels assigned for baseline GH- 
deficient patients, patients after six months placebo, patients after six months r-hGH 
therapy, and patients after twelve months r-hGH therapy. Dependent variables were 
logarithm and scale factor corrected data for S/FA and S/F, as well as logarithm 
corrected values for the non-scale factor corrected «-sense/sense S/FA data. 
Regression covariants were length of storage divided into three equal periods 
(Storage/3) and length of storage expressed as months for which samples were stored.

I 16-20ltl ^  21-25m ^  26-30m I

Figure ER.3c; Histogram showing differences in ISH signal with length o f storage 
(months). ISH signal expressed, for both fibre types, as signal per fibre area (S/FA). 
Error bars show SEM.
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ER.3.2.3.2. Trial group differences

There was no statistical evidence, with parametric or non-parametric ANOVA methods, 

for a change in muscle fibre IGF-I message expression, with either placebo or r-hGH 

therapy in GH-deficient adults. This was true for all methods of data expression 

outlined earlier with the appropriate test. However, for S/FA (scale factor corrected or 

percentage baseline, ER.3d) and S/F (percentage baseline, ER.3e), there 

was a consistent trend, for the r-hGH treated groups, to display a greater ISH signal 

than the baseline/placebo groups (9.6-49%). This was found to be statistically 

significant for the twelve month r-hGH group (for both fibre types log S/FA, GH-12m 

34.8%>GH-0m, t-test ^=0.0'^!, figure ER.3f plate 7ii & iii).
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Figure ER.3d: Histogram showing ISH signal for both type I and II fibres. ISH signal 
displayed as signal per fibre area (S/FA), and as signal per fibre area and expressed as 
a percentage of baseline (S/FA %b).
Note; Y-axis reflects, for S/FA, scale factor corrected values for ISH signal (100 added 
to all values for axis scaling), and for S/FA %b, a percentage scale derived from original 
ISH signal data.
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH.
Error bars show SEM.
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Figure ER3e: Histogram showing ISH signal for both type I and II fibres. ISH signal 
expressed as signal per fibre (S/F), and as signal per fibre expressed as a percentage of 
baseline (S/F %b).
Note: Y-axis reflects, for S/F, scale factor corrected values for ISH signal, and for S/F 
%b, a percentage scale derived from original ISH signal data 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH.
Error bars show SEM.
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Figure ER.3f: Histogram showing ISH signal for type I&II fibre types following 
logarithm transformation. ISH signal demonstrated as signal per fibre area (S/FA), and 
as signal per fibre area expressed relative to the baseline group (S/FA %b). 
GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH Note: for S/FA, logarithmic 
transformation resulted in some groups having negative values, hence, a value of one 
has been added to all groups in the log S/FA segment above 
Error bars show SEM.
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ER.3.2.3.3. Fibre type differences

For S/FA, expressed either as scale factor corrected or as a percentage of baseline, type 

I fibres demonstrated a greater (37%, K-W ANOVA p=0.037 and 43%, p=0.036 

respectively, ER.3g, ER.3h and summarised in ER.3i, plate 7ii & iii) signal

density than type II fibres. A similar difference was seen following logarithm 

transformation for S/FA data (ANOVA p=0.075 & p=0.039, for scale factor corrected 

and percentage baseline respectively), and for S/F data (ANOVA p=0.04 & 0.039, for 

scale factor corrected and percentage baseline respectively).

ER.3.2.3.4, Gender differences

The most obvious feature for gender differences was a 20% greater level of ISH signal 

in males, as compared to females, for type II fibres (for log S/FA expressed as a 

percentage of baseline, ANOVA figure ER.3i). For both fibre types together,

an elevated signal in males (12%) was also observed, though found not to be 

statistically significant with the ANOVA method (for log S/FA expressed as a 

percentage of baseline, ANOVA Oil, figure E3i\ for log S/F, t-test p=0.042).

ER.3.2.3.5. Interactions between variables

For the logarithm converted data it was possible to examine, utilising two-way 

ANOVA, the interaction between gender and fibre type. There was no interaction 

between these two variables for any of the appropriate groups, suggesting that these 

were separate effects influencing the level of IGF-I message expression.

ER.3.2.3.6. Other parameters

Examination of data for differences due to age of patients, failed to show any influence 

of this variable (data not shown). Dividing data into those patients who agreed to 

continue with post-trial r-hGH therapy, and those who did not, did not reveal any 

changes for IGF-I message (data not shown). Two-way ANOVA analysis for S/FA 

(type I&n fibres, logarithm transformed), revealed some interaction between thyroxine 

status and trial group (p=0.057). This was perhaps due to a 65.4% greater IGF-I 

message in normothyroid subjects as compared to patients on thyroxine replacement 

(p=0.069, data not shown).
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There was no correlation between circulating IGF-I and muscle fibre IGF-I mRNA

expression. Similarly, T3 and T4 levels were not correlated with ISH IGF-I expression.

ER.3.2.3.7. Results summary

► Length of sample storage does not affect the level of ISH signal.

► An increase in IGF-I mRNA signal is observed following twelve months r-hGH

therapy as compared to the baseline levels.

► Type I fibres display a greater IGF-I ISH signal than type II fibres.

► Males tend to have higher levels of IGF-I mRNA than females; this is

statistically significant for type II fibres.

► Patients on thyroxine replacement appear to have reduced levels of muscle IGF- 

I message than subjects who are euthyroid; however, this is not a statistically 

significant finding.
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Figure ER.3g; Histogram showing ISH signal for fibre types expressed as signal per 
fibre area (S/FA). GHD-Om=patients before r-hGH treatment, P-6m=patients after six 
months placebo, GH-6/l2m =patients after six or twelve months r-hGH 
Error bars show SEM, *p<0.05.
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Figure ER 3h: Histogram showing ISH signal for fibre types. ISH signal expressed as 
a percentage of baseline for signal per fibre area (S/FA). GHD-Om=patients before r- 
hGH treatment, P-6m=patients after six months placebo, GH-6/12m =patients after six 
or twelve months r-hGH. Error bars show SEM, *p<0.05.
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Figure ER3i; Histogram summarising overall fibre type and gender differences for ISH 
signal The ISH signal demonstrated as the logarithm transformed values for signal per 
fibre area (S/FA), expressed as a percentage of baseline.
Error bars show SEM, *p<0.05.
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Plate 7i
Photomicrograph of human skeletal muscle demonstrating IGF-1 message 

expression by in situ hybridisation.

A: Serial muscle section demonstrating «-sense signal in the region of a blood 

vessel (arrow).

B: Serial muscle section demonstrating sense signal in the region of a blood vessel 

(arrow; same area as in A).

C: Serial muscle section demonstrating «-sense signal in the region of a nerve 

trunk (arrow).

D: Serial muscle section demonstrating sense signal in the region of a nerve trunk 

(arrow; same area as C).

E: Muscle section demonstrating «-sense signal at the edge of muscle fibres 

(arrowhead).

F: Muscle section demonstrating «-sense signal at the edge of muscle fibres 

(arrowhead).

Note: Magnification for fields A,B,C and D =xlO, scale bar =100pm. 

Magnification for fields E and F =x40, scale bar =25pm.

Tissue from baseline GH-deficient trial subjects.

The tissue was processed as described in EM.4.4. except for a reduction in 

the pre-treatment incubation with 0.2N HCl (lOmin instead of 20min). A 

longer pre-treatment period was required to demonstrate muscle fibre 

cytoplasmic staining probably due to the presence of myofibrils inside 

skeletal muscle fibres
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Plate 7ii
Photomicrograph of skeletal muscle from a baseline GH-deficient subject 

demonstrating myosin heavy chain and IGF-I message expression.

A: Serial muscle section demonstrating M HCI immunostaining (arrowhead). 

B: Serial muscle section demonstrating a-sense signal (arrowhead; same fibre as 

in A).

C: Serial muscle section demonstrating sense signal (arrowhead; same fibre as in 

A).

Note: MHC type I fibres display greater ISH signal than type H fibres (not 

stained in A).

Magnification in all fields =x20.

Scale bar =50pm.
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Plate 7iii
Photomicrograph of skeletal muscle from trial subjects following twelve months 

r-hGH therapy (demonstrating myosin heavy chain and IGF-1 message 

expression).

A: Serial muscle section demonstrating MHC I immunostaining (arrowhead). 

B: Serial muscle section demonstrating «-sense signal (arrowhead; same fibre as 

in A).

C: Muscle section demonstrating «-sense signal (arrow =small diameter fibre). 

D: Muscle section demonstrating «-sense signal (longitudinal section)

Note: For A and B, MHC type I fibres display greater ISH signal than type H 

fibres (not stained).

A & B are mirror images.

For C, small diameter fibres (arrow) display greater ISH staining than 

larger fibres.

For D, note stacking arrangement of IGF-I message (arrow). 

Magnification in all fields =x20.

Scale bar =50pm.
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ER.4. Reverse transcriptase polymerase chain reaction results and comparison 

with in situ hybridisation signal 

ER.4.1. Patient A

The subject was a 48y male (see table BR.L, patient 11), on placebo for six months, 

then on r-hGH for the next six months. In both baseline and placebo muscle samples, 

there was no demonstration of the appropriate mRNA transcripts, with either the IGF- 

lEa, or IGF-IEc probes. Following six months of r-hGH therapy, appropriate-sized 

products were observed for only the IGF-IEa probe (301 bp for IGFI-IEa, 353bp for 

IGF-IEc, figure ER.4a).

The ISH signal included data from both fibre types and was expressed as the signal per 

fibre area. The baseline and placebo values were similar, whilst the six month r-hGH 

treated sample showed about a 40% increase in IGF-I signal over the former groups 

{table ER.4a).

ER.4.2. Patient B

This was a 38y male subject (see table BR.L, patient 2) who received r-hGH for the 

full duration of the study. With the baseline sample, no RT-PCR product was visible 

with either the IGF-IEa, or IGF-IEc probes. For both the six month and twelve month 

specimens, PCR products, of the appropriate size were observed with the IGF-IEa 

probe (figure ER.4b).

The ISH signal was low in the baseline group and increased after six months of r-hGH 

treatment. A further six months of r-hGH therapy resulted in a further 34.5% increase 

in signal per fibre area (table ER.4b)

ER.4.3. Patient C

The subject was a 45y male (see table B R L , patient 1) who received r-hGH for the full 

duration of the trial period. In contrast to patients one and two, the baseline sample for 

patient three did demonstrate RT-PCR products with the IGF-IEa probe at this trial 

stage (figure ER.4b). Following six months of r-hGH therapy, IGF-IEa and IGF-IEc 

products were not detectable in samples from this patient (figure ER.4b).

This patient showed the highest level of ISH signal at the baseline stage as compared 

with the other nine biopsy samples. Following six and twelve months of r-hGH therapy
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there was over a 60% decrease in ISH signal as compared with the baseline sample 

{table ER. 4b).
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301bp

Figure ER4a; Result of RT-PCR for patient A; on placebo for six months, then on r- 

hGH for the next six months. Patient A was a 48y male subject.

Lane 1: Ikb DNA ladder

Lane 2: GHD-Om (IGF-IEc) Lane 3: GHD-Om (IGF-IEa)

Lane 4; P-6m (IGF-IEc) Lane 5 : P-6m (IGF-IEa)

Lane 6; GH-6m (IGF-IEc) Lane 7: GH-6m (IGF-IEa)

Lane 8: no cDNA (IGF-IEc) Lane 9: no cDNA (IGF-IEa)

Note. A 301 bp product in lane 7 (specific for IGF-IEa).

GHD-Om=patient before r-hGH treatment, P-6m=patient after six months placebo, GH- 

6m =patient after six months r-hGH.
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Type I&n fibres

GHD-Om 2.43

P-6m 2.52

GH-6m 4.35

Table ER4a: ISH signal for patient A; on placebo for six months, then on r-hGH for 
the next six months. ISH signal expressed as signal per fibre area.

GHD-Om=patient before r-hGH treatment, P-6m=patient after six months placebo, GH- 
6m =patient after six months r-hGH.

Type I&H fibres 

(patient B)

Type I&H fibres 

(patient C)

GHD-Om 0.32 7.12

GH-6m 2.73 2.71

GH-12m 4.17 1.9

Table ER.4b: ISH signal for patients B and C; on r-hGH for six months, then on r- 
hGH for a further six months. ISH signal expressed as signal per fibre area.

GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 
GH-6/12m =patients after six or twelve months r-hGH.
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Figure ER4b; Result of RT-PCR for patients B and C; both patients were on r-hGH 

for twelve months. Patient B was a 3By male subject and patient C was a 45y male 

subject.

Lane 1: Ikb DNA ladder 

Lane 2: GHD-Om (IGF-IEa) 

Lane 4: GH-6m (IGF-IEa) 

Lane 6: GH-12m (IGF-IEa) 

Lane 8: Ikb DNA ladder 

Lane 10: GHD-Om (IGF-IEc) 

Lane 12: GH-6m (IGF-IEc)

Lane 3: GHD-Om (IGF-IEc) 

Lane 5: GH-6m (IGF-IEc) 

Lane 7: GH-12m (IGF-IEc) 

Lane 9: GHD-Om (IGF-IEa) 

Lane 11 : GH-6m (IGF-IEa)

Note: A 301bp product in lanes 4, 6 and 9 (specific for IGF-IEa)

A 353bp product in lanes 5 and 7 (specific for IGF-IEc)

GHD-Om=patients before r-hGH treatment, P-6m=patients after six months placebo, 

GH-6/12m =patients after six or twelve months r-hGH.
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Chapter 5 

Discussion

ED I. Muscle fibre proportions

The general descriptions, for vastus lateralis muscle fibre proportions, imply that the 

ratio of type I to II fibres is 1:2, or 1:1.1 for type I IIA IIB However, a broad 

range of adult human studies have indicated that the percentage of type I fibres, for this 

muscle, may be over 40%. Hence, values of -50% (78 subjects of varying physical 

activity, aged 27y) 39.1-51% (12 physically active but not resistance trained

subjects, aged 20.65±1.5y) and 47.5-52.3% (21 sedentary subjects, aged 20.1- 

21.3y) have been observed. In addition, control subjects matched to GH-deficient 

patients, also displayed type I fibre proportions of 45% and 46.3% (39y and 42.5y, 

respectively, see table ED.l) Hence, the fibre proportions in the present study fall 

within the normal range, as well as being consistent with values from other studies on 

GHD (table ED.l).

Preece et al ^  and Rutherford et al reported no change in fibre proportions, after 

cessation of r-hGH therapy, whilst Whitehead et al and Cuneo et al found no 

effect on fibre proportions, following r-hGH substitution. The present study has 

replicated data from the aforementioned reports in terms of lack of change in fibre

proportions following r-hGH treatment. Is there a role for GH in adult GH-deficient 
subjects in relation to muscle fibre proportions? Treatment with r-hGH therapy results

in an increase in MHC mRNA levels in nutritionally depleted subjects Further, the

demonstration by Rutherford et al of an increase in contractile properties in GH-

deficient adults is consistent with an elevation in type II fibres. The lack of change in

this and other biopsy studies therefore suggests either a methodological problem due

to small tissue sampling or lack of fibre type subclassification. Alternatively, effects of

GH may have been masked by other influences. A non-significant increase in type I

fibres was observed by Whitehead et al in the placebo arm of their study (table

ED.l). Hence, with ten patients, a trend was observed for an increase in type I fibres

in GHD, whilst no change was seen with r-hGH treatment (table ED.l). Conversely,

Doerga et al in a preliminary report, observed far lower type I fibre levels in GH-

deficient adults, as compared with control subjects (table ED.l).
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The most likely candidate for an alternative influence to GH on muscle fibre type 

expression is thyroid hormone. The present study has attempted to infer the influence 

of thyroid hormone given the well-established effect of this hormone on MHCs and 

fibre types, as well as the known alteration in thyroid hormone levels with r-hGH 

treatment in GH-deficient adults 222,528-530

It has been shown in hypophysectomised rats that thyroxine stimulation of skeletal 

growth is independent of GH and IGF-I Further, thyroxine can alter MHC gene 

expression in both cardiac and skeletal rat muscle Hence, hyperthyroidism in rats 

is associated with a reduction in type I fibres and an increase in intermediate and fast 

isoforms 2̂5,529,530 mechanism by which thyroid hormones influence MHC gene 

expression is believed to be via T3 activation of the muscle-specific myogenin family 

and also by transcriptional effects of T3 on MHC promoters ^̂ 2,533 gaudies in long-term 

hypophysectomised rats (500-900 days), and mutant dwarf mice, indicate an increased 

percentage of type I fibres in soleus and biceps branchii muscles, respectively 

Conversely, short-term hypophysectomised rats (14 days) were shown to have a 

reduced proportion of type I fibres in soleus and extensor digitorum longus muscles 

Similarly, type I MHC mRNA was reduced in the gastrocnemius muscles of short-term 

hypophysectomised rats (14 days) Shorey et al have explained some of these 

differences as due to thyroxine being present at near normal levels in the short-term 

hypophysectomised rats. Hence, lack of GH in the short-term hypophysectomised rats 

would result in a reduction of type I fibres. The long-term effect is described as due to 

thyroxine deficiency resulting in an increase of type I fibres Further, thyroid 

stimulating hormone injection failed to alter changes in short-term hypophysectomised 

rats, as compared with r-hGH injections which resulted in an increase of type I fibres 

Interestingly, Loughana and Bates reported that their results following 

hypophysectomy were far more pronounced in three week, compared to two week, 

hypophysectomised rats.

The aforementioned studies suggest that the levels of thyroid hormones may influence 

or mask effects due to GHD or r-hGH therapy. This is also apparent from the finding 

in rats that MHC adaptation occurs in a hierarchial manner, with thyroid hormone 

status predominating over increased functional demand The direction of such an 

effect would depend on the physiological levels of the thyroid hormones. Hence, in the
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present study, despite significant reductions in serum thyroid hormone levels, none of 

the patients approached subnormal levels at any stage. Also, analysis of fibre proportion 

data, to distinguish between patients who received thyroxine and euthyroid subjects, did 

not reveal any difference between these groups. This would suggest that the 'normal' 

effect of thyroid hormones, that of decreasing the proportion of type I fibres, would 

predominate.

In summary, both GH and thyroid hormones are believed to influence fibre proportions 

with the effect of GH more prominent in situations of relative thyroid hormone 

insufficiency and vice versa. It is possible that thyroid hormones were responsible for 

a decrease in type I fibres, particularly in female GH-deficient patients, and that six 

months therapy with r-hGH failed to reverse these changes due to an inherent 

hierarchial system of control dominated by thyroid hormones. Any attempt to clarify 

this phenomenon would involve, for example, treatment of long-term 

hypophysectomised rats with either r-hGH or thyroxine.

It is interesting to note that testosterone treatment increases the proportion of type II 

fibres in rat and human studies Since all male patients from whom muscle tissue was 

processed, bar one, were on testosterone replacement, any effect of this hormone 

should have been observed in the gender analysis. However, no such change was 

observed in male subjects during the clinical trial and therefore testosterone did not 

have an obvious influence on muscle fibre proportions in this study. An additional 

consideration relates to a possible influence of r-hGH therapy on muscle pathways of 

aerobic and anaerobic metabolism. Future investigations should incorporate 

histochemical reactions for metabolic enzymes (eg. succinate dehydrogenase, 

nicotinamide adenine dinucleotide) to clarify this issue.
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Study N GHD-Om P-6m GH-6/12m Con

Whitehead et al 1989 quad.fern. 5 44.7 48.7

Whitehead et al 1989 quad.fem. 5 52.3 52.2

Cuneo et al 1992 vas.lat. 21 47.1 42.3 35.6 45.0

Doerga et al 1994 vas.lat. 13 22.8 46.3

Hasan,W. (all patients) 10 42.9 42.8 40.7

Hasan,W. (male patients) 7 40.8 41.3 40.5

Hasan,W. (female patients) 3 50.6 44.7 41.2

Table ED.l; Summary table for investigations into the percentage of type I fibres in 
GH-deficient subjects. N=number of GH-deficient subjects in study, GHD-Om=patients 
before r-hGH treatment, P-6m=patients after six months placebo, GH-6/12m=patients 
after six or twelve months r-hGH therapy, Con=control subjects. Apart from N values, 
all others refer to the percentage of type I fibres.
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ED.2. Muscle fibre size

An influence of r-hGH on muscle fibre size has been noted in the present study. A 

number of other investigations have described similar effects. Hence, following r-hGH 

therapy, an increase in diameter of both type I and II fibres has been noted in the 

extensor digitorum longus and soleus muscles of normal rats In mutant dwarf mice, 

muscle fibres generally display smaller fibres than in control mice Though 

Rutherford et al reported a decrease in quadricep cross-sectional area, following 

discontinuation of r-hGH therapy for a year in GH-deficient adults, they did not observe 

any statistical changes in muscle fibre area over this period probably due to small 

numbers (number of patients biopsied was five). The same group did report a decrease, 

in quadriceps cross-sectional area and fibre area, in a patient with multiple hormone 

deficiencies, whilst a subject with isolated GHD did not display such changes, following 

discontinuation of r-hGH therapy Though there were no statistical changes in fibre 

area observed in the aforementioned studies, four out of five patients showed fibre 

atrophy in the range 10-40% (85.6% of baseline values, p=0.066) Treatment with 

r-hGH of GH-deficient adults, however, failed to increase fibre area in tissue taken from 

vastus lateralis and quadriceps femoris muscles

The present study has demonstrated a decrease in fibre area in the placebo arm of the 

investigation. Hence, the trend observed by Rutherford et al 9̂.483,484 decrease

after twelve months discontinuation of r-hGH therapy) has been confirmed with a 

similar reduction of fibre area in the present investigation (10-12% decrease after six 

months of placebo in GH-deficient adults). In this context, the length of GHD at the 

start of the present study was one to two years for eight of the patients, whilst the other 

two patients had been GH-deficient for three and five years. The reduction in fibre size 

may therefore be understood as a consequence of the prolongation of GHD during the 

placebo stage of the trial. Confirmation of such an effect requires a larger patient 

population with a range of periods of GHD.

Since fibre area was observed to increase, as compared to the placebo group, following 

r-hGH therapy, the present investigation is the first to demonstrate an increase in fibre 

area, for adult GH-deficient patients on r-hGH therapy. Cuneo et al explained their 

failure to demonstrate changes in fibre area in r-hGH treated GH-deficient subjects, as 

a consequence of lack of statistical power, given a 9% coefficient of variation for mean
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fibre areas for biopsies taken at two separate occasions. However, the lack of change 

in the latter study can also be explained by the relatively short period of therapy with 

r-hGH (only six months), or due to the small numbers in the investigation (only seven 

patients treated with r-hGH were biopsied). Cuneo et al were able to show, 

however, a 5% increase in quadriceps femoris cross-sectional area, following six 

months r-hGH therapy. Other studies have also documented reductions in thigh muscle 

cross-sectional area in GH-deficient patients, and increases following r-hGH therapy 

23,189,190. however, this methodology does not distinguish between increases in muscle 

bulk and that due to connective tissue growth. Further, in some cases results have not 

been corrected for changes due to bone growth, water accumulation, and fat 

redistribution.

Other observations in the present study relate to gender and age differences. It is well 

established that the diameters of both type I and II fibres are larger in men than in 

women for the same muscle Also, type II fibres in the adult male are usually 

larger than type I fibres; in women, on the other hand, type I fibres are slightly larger 

Hence, in the course of the present investigation, the observation of a greater fibre 

size in males replicated the known situation. However, this study did not reproduce the 

subtler gender differences in fibre size, peculiar to each fibre type, perhaps because of 

the small number of patients in each group.

The muscle weakness associated with ageing is known to reflect muscle fibre atrophy, 

which occurs concurrently with bone loss and muscle wasting Hence, the

demonstration of smaller fibres in older subjects in this study was a confirmation of 

these age-changes. Of interest, however, was the lack of influence of r-hGH therapy on 

this parameter, given the widespread interest in GH as an ergogenic aid. The 

inadequacy of GH in preventing age-related changes in muscle has, however, been 

noted in a number of studies in ageing subjects 216,489,538

Type I fibre hyperplasia was also indicated by the data of Cuneo et al (29.5% 

increase in fibre number following therapy, p>0.05). Hence, increases in fibre size, 

following r-hGH therapy, may be accompanied by hyperplasia, particularly of type I 

fibres. The latter proposal is supported by the demonstration of atrophy and hypoplasia 

in soleus muscles from dwarf mice by the increased size and DNA:protein ratio in 

r-hGH-treated rats by the stimulation of satellite cells by IGF-I in regenerating rat
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muscle and by the promotion of muscle protein anabolism by local infusion of GH 

or IGF-I in normal and postoperative subjects If limited hyperplasia was

occurring, then variability in size of muscle fibres would be expected. It was a common 

observation in the present investigation, though not quantified, that small diameter 

fibres, particularly type I fibres, expressed a greater level of IGF-I mRNA (see plate 

7iii). This would tend to support the suggestion that r-hGH therapy in these patients 

was accompanied by an increase in fibre number.

ED.3. Insulin-like growth factor I mRNA expression in muscle 

ED.3.1. In situ hybridisation

A recent study on adult human vastus lateralis muscle has reported that IGF-I 

immunoreactivity was increased, following exercise, in muscle interstitial cells, satellite 

cells, vascular wall cells, and some diffuse staining of the cytoplasm was occasionally 

observed for muscle fibres Taaffe et al carried out a study on the effects of 

exercise, and r-hGH therapy during exercise, in elderly men. They observed, with 

quantitative PCR methodology, no change in vastus lateralis muscle mRNA for IGF-I, 

IGF-I receptor, GH receptor, IGF-II, or IGF-II receptor after exercise, or following r- 

hGH administration during resistance exercise training. Though the lack of effect in the 

Taaffe et al investigation may be ascribed to a reduced responsiveness in ageing the role 

of the GH/IGF-I axis in adult human muscle remains an open question.

The function of IGF-I in animal muscle has been extensively examined. Aside from its 

role in development, the importance of IGF-I in models of nerve/muscle regeneration 

have been explored. Hence, immunoreactivity for IGF-I has been demonstrated in 

regenerating rat and mice skeletal muscle The latter studies were able to show 

IGF-I immunoreactivity in satellite cells, intramuscular nerves, blood vessels, myoblasts 

and in immature muscle cells. Additionally, Jennische and Hansson observed that 

immunoreactivity in myoblasts and myotubes was strictly cytoplasmic and associated 

with polyribosomes. They suggested that local synthesis of the peptide was occurring 

in the myogenic cells. A similar conclusion was propounded by Caroni and Schneider 

who demonstrated IGF-I mRNA upregulation in paralyzed and denervated rat 

skeletal muscle. The production of IGF-I message in the latter study was initially by 

muscle fibres, suggesting that the subsequent interstitial cell proliferation was induced
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by the fibre-derived IGF-I. Caroni and Schneider also suggested that the IGF-I gene 

in muscle may be coded for jointly with other genes, including those for myogenin and 

acetylcholine receptors. In addition to an influence on interstitial cell proliferation, IGF- 

I produced by the muscle fibres is believed to have an autocrine function (on myogenic 

differentiation), and a paracrine influence on intramuscular nerves, other muscle fibres, 

fibroblasts and on glia 494,496,503,504,540

The evidence from human and animal studies indicate that the level of IGF-I protein 

expression by the muscle fibres themselves, in the normal non-pathologic state, may be 

limited. Hence, the presence of an appreciable IGF-I ISH signal in all groups, in the 

present investigation, may reflect a paracrine role for fibre-derived IGF-I in humans. In 

this context, a vastus lateralis muscle biopsy from an aged female subject revealed a 

level of ISH signal comparable to that seen with the trial patients (results not shown). 

Han et al observed a differential distribution pattern of IGFs message and protein in 

a wide range of tissues from human foetuses. They ascribed these differences to the 

accumulation of peptide in specific cells which contained IGF receptors and the ability 

to internalise the protein In the present study, the prominent expression of IGF-I 

message in the cytoplasm of muscle fibres may not represent the site of action of the 

protein. A more detailed evaluation of IGF-I action in skeletal muscle is found in the 

general discussion (F.2.2).

A consistent trend was observed for IGF-I ISH signal to be greater in the r-hGH treated 

subjects as compared to the baseline and placebo groups. Additionally, twelve months 

r-hGH treated patients exhibited greater levels of ISH staining than baseline subjects. 

Hence, a modest increase in IGF-I mRNA expression may indicate a local function for 

this growth factor. A GH-dependency for muscle-derived IGF-I is thus indicated with 

a possible function in relation to muscle fibre growth. The lack of statistical evidence 

for these apparent changes probably reflects the small patient numbers involved. The 

possibility that circulating levels of IGF-I may have limited the influence of 

autocrine/paracrine -derived IGF-I cannot be dismissed. Further discussion on this issue 

will be continued later (see ED. 3.3.)
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ED.3.2. Reverse transcriptase polymerase chain reaction

Though extremely limited, the RT-PCR data suggest a confirmation of the ISH results. 

The general trend of ISH signal, for each of the three patients, was reproduced by the 

products obtained with RT-PCR Of particular consequence was the lack of RT-PCR 

products in the placebo samples, as deterioration of IGF-I signal in the baseline groups 

as a result of prolonged storage of samples, may have accounted for the absence of 

reaction product (the presence of a band in the six month r-hGH treated muscle 

signifies presence of IGF-I signal at the same approximate time point as in the placebo 

sample). The presence, in one subject (patient B), of both IGF-IEa and IGF-IEc 

transcripts following r-hGH therapy, is indicative of the possible GH-dependency for 

both E-peptide isoforms. The Ec-peptide is believed to be a local growth regulator 

influenced by mechanical rather than hormonal stimuli Hence, an increased 

expression following r-hGH therapy may indicate a novel control over this transcript. 

However, these results are preliminary and the main conclusion to be derived is the 

broad compatability of results obtained with the ISH and RT-PCR methodologies.

ED.3.3. Function of muscle insulin-like growth factor I

It has been demonstrated in rats that transcription of IGF-I in skeletal muscle, following 

r-hGH treatment, precedes elevation of circulating IGF-I levels Since GH is known 

to regulate IGF-I at the transcription level a more detailed understanding of IGF-I 

mRNA production is required before the role of GH in this process can be elucidated. 

Several studies have demonstrated that, even in the absence of GH (following 

hypophysectomy), resistance training in rats results in an increased production of 

muscle IGF-I mRNA Also, the suppression of GH release in rats (with a-

GHRH antibodies) causes a much greater reduction of IGF-I in the liver than in the 

muscle In addition, following exercise, GH suppressed rats display a significant 

increase in muscle exon 1 mRNA and no changes in liver IGF-I mRNA The 

conclusion reached by Zanconato et al ^  is that GH is a less important regulator of 

IGF-I production in muscle compared with liver. However, Isgaard et al were able 

to demonstrate a decrease in skeletal IGF-I mRNA levels following hypophysectomy 

and a return to normal levels after r-hGH therapy. Similarly, Turner et al showed an
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increased expression of IGF-I mRNA in both the liver and muscle of rats implanted 

with GH secreting cells.

The evidence above would tend to suggest that IGF-I levels in the liver would be more 

sensitive to GHD than those in muscle. Following r-hGH therapy, however, increased 

levels of IGF-I would be expected in both tissues. Since Taaffe et al were unable to 

show either of these changes in ageing, a state of relative GH insufficiency, they 

suggested that one confounding factor may be the time at which the biopsy was taken, 

as the message half-lives for IGF-I and its receptors are unknown. Studies in rats 

indicate a rapid increase in IGF-I mRNA within an hour of r-hGH injection, and a 

maximal response at 6-12h Interestingly, Laursen et al were able to obtain 

similar short-term metabolic effects (including increases in serum IGF-I) by either 

continuous infusion, or h interval injections, for 36h. It is not possible, without 

further investigation, to exclude the influence of sampling time point on the IGF-I 

mRNA data from the present study. A complementary approach to quantify IGF-I 

protein expression was not possible due to lack of sufficient time.

Changes in IGF-I message expression with r-hGH therapy, in the present study, were 

not as dramatic as the elevations in serum IGF-I levels (see BR.2.). Interestingly, 

whereas twelve months of r-hGH therapy had no further increase, compared to six 

months of r-hGH treatment on serum IGF-I, IGF-I mRNA in muscle was observed to 

be higher at twelve compared to six months of r-hGH treatment. The differential 

regulation of liver- and muscle-derived IGF-I may account for these findings. In 

addition, improvements in muscle parameters, following r-hGH therapy in GH-deficient 

adults, may occur more gradually than can be appreciated from a general observation 

on serum IGF-I levels. In support of the latter proposal, one of the reasons why some 

studies *̂2,486 failed to note increases in muscle parameters, following r-hGH 

therapy in GH-deficient adults, may be because duration of treatment has been 

restricted to six months.

The chief asset of the ISH approach, in the present study, was in clarifying the 

responses of different fibre types for IGF-I mRNA. There was no clear cut distinction 

between fibre types, as far as changes in IGF-I message with r-hGH treatment was 

concerned. However, a distinct elevation of IGF-I mRNA in type I fibres, compared to 

type II fibres, was observed at all trial stages. This novel observation suggests the
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possibility of a GH-independent role for IGF-I. This may involve paracrine actions on 

muscle innervation and interstitial cells, as well as influencing specific metabolic 

characteristics of the type I fibres. It is recognised that modulation by local factors such 

as IGF-I may increase biochemical variability between fibres within a motor unit An 

aspect of the latter action may be the modulation by IGF-I of muscle specific regulatory 

genes such as myogenin

The finding in the present study of greater levels of IGF-I mRNA in male muscle fibres 

(particularly in type II fibres), as compared with female samples, suggests a molecular 

basis for the gender differences observed in muscle fibre size. Interestingly, Czerwinski 

et al have demonstrated a role for IGF-I mRNA in rat muscle hypertrophy but not 

in muscle atrophy. An inference could also be attempted for the known greater strength 

in men, however, the observation by Rutherford et al who noted increased strength 

in GH-deficient men following r-hGH therapy, would imply a GH-dependence of this 

process, which is not suggested by the data from the present study.

ED.4. Conclusion

The results fi*om the ISH experiments suggest a small GH-dependent increase in IGF-I 

message, and the likelihood of a non-GH dependent role for IGF-I, in type I fibres, in 

particular. The RT-PCR data has shown a possible GH-dependent increase for both 

IGF-IE transcripts on r-hGH therapy. Hence, a natural extension of the present study 

would be to focus on differential regulation of GH-dependent and independent IGF-I 

transcripts with ISH methodology. An interesting outcome may be the demonstration 

of fibre type-specific alterations in, for example, exon 1- and 2-derived IGF-I 

transcripts.

The physiological consequence of alterations in fibre proportions, size and IGF-I levels, 

may relate to the reversal of fatigue and increased strength observed in patients treated 

with r-hGH. Since the isometric specific force of type II fibres is greater than that of 

type I fibres it is proposed that increasing fibre size, together with a preferential 

increase in type II fibre number, contributes to the overall greater strength seen in 

hypopituitary adults treated with r-hGH. A contribution to the latter effect may be the 

elevated IGF-I message in type II fibres in males, as this would complement the changes 

due to r-hGH therapy. The increase observed in fibre size was enough to reverse the
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atrophy in the placebo period, however, fibre size did not rise above the baseline levels. 

Similarly, increases in IGF-I message in the muscle on r-hGH therapy were not 

dramatic. Hence, a maintenance role of GH on muscle parameters can be implied from 

this study.
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CHAPTER 6 

GENERAL DISCUSSION
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F.l. Introduction

The initial aim of this discussion will be to attempt to define the mechanism of GH 

action in various target tissues. The dual effector theory proposes that direct actions 

of GH, through GH receptors, result in local production of IGF-I, which in turn 

augments the functions of GH. Instead of being the sole mediator, IGF-I is thus 

regarded as part of a cascade initiated by GH. The theory suggests that targets may also 

be primed for the synthesis of other factors by direct actions of GH. For example, GH 

may be an initiator of target-derived neurotrophic activity, as suggested by the data 

from the present study (see chapter 3). It is hypothesised that GH 'priming' of target 

cells governs the neurotrophic support provided to innervating neurones. Further, it is 

proposed that the deficiency of GH in various situations (ie GHD, ageing etc) is 

responsible for fimctional alterations of target tissues and hence, their innervation. The 

defective thermoregulation characteristic of GHD and ageing can be regarded as a 

consequence of failure of GH to provide trophic support to the ESGs, resulting in a 

reduction in neurotrophic support for the innervating nerve fibres with consequent 

impairments in neuronal activation of sweating.

The interactions of thyroid and sex hormones with GH allow for a further broadening 

of the suggested hypothesis. Evidence is provided (see chapters 3 & 5) that gender 

differences influence the responsiveness of target organs to GH. Focussing on the 

sudomotor apparatus, it is suspected that greater changes in the sweating profile 

following r-hGH therapy in females may be linked to similar changes in the functional 

innervation. Further, thyroid hormone interactions with GH may also be influenced by 

gender and direct influences of thyroid hormones on the sudomotor apparatus cannot 

be ruled out.

The above suggestions will be expanded in the following sections:

F.2. Direct or indirect? Growth hormone and insulin-like growth factor I

There is increasing evidence to suggest that though many functions of GH and IGF-I 

are common, there remain activities which cannot be duplicated by each other, or 

require the additive effect of both factors 37,108,197,199 basis for these varied 

responses may be tissue specific. In order to illustrate the complexity of interactions 

which exist in the GH/IGF-I axis, the mechanism for GH/IGF-I action in one well
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characterised target will be examined so that avenues for understanding other systems 

may be unveiled.

F.2.1. Direct or indirect? Growth hormone, insulin-like growth factor I and bone

Bone has long been recognised as a target of the GH/IGF-I axis, particularly as GH is 

the only recognised hormone to stimulate longitudinal bone growth in a dose-dependent 

manner (for reviews see Isaksson et al 209,542,543̂  Initial observations in this field 

demonstrated decreases of epiphyseal cartilage width in hypophysectomised animals 

whilst GH-treatment resulted in increased thickness of the growth plate through 

proliferation of chondrocytes. The subsequent somatomedin hypothesis (seeAI.6.) 

was based on the lack of GH effect on cartilage metabolism in vitro whilst GH- 

dependent plasma peptides, in similar explant cartilage cultures, stimulated a number 

of cellular functions associated with cell multiplication and growth. Evidence from in 

vivo experiments also suggested the duplication of GH effects by infusion of IGF-I. 

However, the doses of IGF-I used were in some instances 50-fold higher than the dose 

of GH required to stimulate longitudinal bone growth. Further, no dose-response 

relationship was seen in IGF-I infused animals, nor was there a correlation between 

serum IGF-I and the magnitude of bone growth in animals treated with IGF-I or GH 

In order to reconcile these differences between in vivo and in vitro studies, attention 

focussed on the characteristics of the end organ response. Local administration of GH 

or IGF-I to hypophysectomised rats was shown to stimulate epiphyseal chondrocytes; 

these effects on bone growth were not augmented by simultaneous administration of 

GH and IGF-I. The site of action was further elucidated by the finding that GH was 

primarily acting on progenitor cells (prechondrocytes or young differentiating 

chondrocytes) whilst IGF-I was stimulating proliferating chondrocytes. A crucial role 

for locally released IGF-I was suggested by the demonstration of IGF-I mRNA 

production, independently of serum IGF-I levels, in growth plates of GH-treated 

hypophysectomised rats. This local IGF-I production, and the stimulatory effect of GH 

on the growth plate, could be abolished by infusion of antibodies to IGF-I with 

concurrent local GH administration. These and other observations led to the proposal 

of a dual effector theory of GH action. This hypothesis suggests a direct stimulation by 

GH of the differentiation of mesenchymal precursor cells (including prechondrocytes
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and satellite cells in muscle), and the subsequent promotion by IGF-I of the clonal 

expansion of these cells, previously primed by the direct action of GH. Isaksson et al 

propose a further level of synergy where GH-stimulated cells become more 

responsive to IGF-I. In addition, GH may stimulate or enhance local production oflGF- 

I, whilst IGF-I may downregulate GHRs thus strengthening the synergistic 

interactions of these growth factors.

Though a paracrine role of IGF-I is appealing, human studies in particular (including 

the present investigation) have argued for the importance of liver-produced IGF-I in the 

maintenance of bone mass Hence, the relative contributions of systemic and locally 

produced IGF-I remain a matter of dispute (see 199,516,544-546̂  Care should also be 

exerted in extrapolating from observations in bone to other tissues since, for example, 

the kidney, spleen and thymus of hypophysectomised rats are more sensitive to 

treatment with IGF-I, as compared to GH These cautionary aspects should not 

detract from the main conclusion; namely, for bone and perhaps other tissues, GH and 

IGF-I cooperate for a maximal growth response, this synergy involving local generation 

of IGF-I and direct actions of GH on target cells.

F2.2. Direct or indirect? Growth hormone, insulin-like growth factor I and muscle

The liver is the main organ contributing to the circulating pool of IGF-I; it has limited 

numbers of type I IGF-I receptors and has traditionally been regarded as the principal 

initiator of IGF-I effects in the body An important implication of the dual effector

theory, discussed above, is that systemic IGF-I may have specific functions in particular 

tissues. However, liver-derived IGF-I can no longer be considered the main source of 

IGF-I action in the body The shift of emphasis towards autocrine and/or paracrine 

actions of IGF-I brings with it some controversy as to the role of GH in these actions 

of IGF-I. It is evident that particular tissues will have to be examined for evidence 

indicating the influence of either factor, and the route of action.

Skeletal muscle has been extensively studied with regard to regenerative and growth 

responses following stimuli such as denervation, exercise, stretch, electrical stimulation 

and GH or IGF-I treatment (see EL). There is substantial evidence from animal studies 

which suggests that IGF-I mRNA and/or protein is increased in skeletal muscle 

following these stimuli 99,499-501,504-508,517,539,547,548 process of muscle regeneration and
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growth involves the proliferation and fixsion of satellite cells with adjacent fibres, 

resulting in an increase in myonuclei numbers for fibre growth and repair The source 

of muscle IGF-I in rats, in response to most stimuli, appears to involve satellite cells, 

fibroblasts and immature and mature muscle cells 500,506, 507, 517, 539,547 gî ĝiĝ al muscle 

fibroblasts and myofibre cells in culture also secrete IGFBPs in response to stretch 

In situations of muscle denervation, aside from interstitial cell proliferation, sprouting 

of intramuscular nerves also occurs The signal for these changes has been identified 

as a rapid but transient elevation in muscle fibre IGF-I mRNA production 

Evidence fi-om studies on motoneuron regeneration suggest that IGF-I and its binding 

proteins are additionally produced by Schwann cells IGF-I derived from these 

sources is transported in nerve by retrograde transport presumably to exert a 

neurotrophic function The differential distribution of IGFBPs in muscle has been 

demonstrated by Ma et al in the adult mouse Hence, IGFBP-2 was

immunohistochemically localised to mouse skeletal muscle fibre basement membranes, 

whilst IGFBP-1 was present at the neuromuscular junction, as well as within 

intramuscular nerves suggesting its axonal transport

It is clear from the above evidence that locally-derived IGF-I has a dual role in skeletal 

muscle, acting in an autocrine manner on muscle fibre growth as well as fulfilling a 

paracrine function on motoneurones. The presence of differing IGFBPs in the local 

environment is indicative of tight regulation of IGF-I in this tissue system. However, 

a further level of control for IGF-I may be by circulating GH Skeletal muscle IGF-I 

mRNA expression is decreased in hypophysectomised rats and replacement with r-hGH 

normalises levels of IGF-I expression The possible direct nature of GH action is 

reflected by an early increase in GHR/BP mRNA in regenerating normal rat myoblasts 

and myotubes The localisation of the GHR/BP mRNA to muscle fibres has also 

been shown in adult rat gastrocnemius muscle; the ISH signal was found to be stronger 

around the nuclei of skeletal muscle cells In addition, the tyrosine kinase signal 

transduction pathway has been shown to be activated by GH through its receptor in 

cultured skeletal muscle cells from normal rats

Though studies in humans are limited, there is some evidence indicating that similar 

mechanisms to the above exist in humans. GHR mRNA is present in the cytoplasm of 

adult human skeletal muscle fibres with ISH signal greatest close to muscle cell nuclei
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After various regimes of physical exercise, circulating GH levels increase in both 

trained and untrained individuals Following seven days of strenuous exercise,

Hellsten et al observed IGF-I immunoreactive cells in skeletal muscle biopsy 

samples. These cells included endothelial and smooth muscle cells of blood vessels, as 

well as interstitial cells tentatively identified as satellite cells; occasional muscle cells 

with diffuse staining of the cytoplasm were also observed displaying IGF-I 

immunoreactivity Due to elevation in plasma of biochemical markers for muscle 

injury (creatine kinase and hydroxyproline), Hellsten et al suggest that the increased 

IGF-I immunoreactivity was probably due to muscle regenerative responses.

Hence, GH may either directly influence muscle growth and regenerative responses, or, 

indirectly stimulate muscle IGF-I. That local rather than systemic sources of IGF-I are 

important in muscle plasticity is indicated by improvements in muscle growth, following 

r-hGH therapy in hypophysectomised rats or dwarf mice, without appreciable changes 

in serum IGF-I levels i9̂ ’552,553 indeed. Pell and Bates observed greater increases in 

muscle IGF-I immunostaining following GH treatment than after IGF-I administration 

in dwarf mice

The evidence thus far presented has shown the importance, in both bone and muscle, 

for a thorough evaluation of the contributions of systemic and autocrine and/or 

paracrine modes of IGF-I action. Further, the direct role of GH has been examined, 

particularly in regard to its control over local tissue IGF-I production. The finding from 

the present study, of a lack of correlation between serum IGF-I levels and the muscle 

IGF-I mRNA signal also suggests a direct influence of GH on the production of IGF-I 

by the muscle fibres. Further, the positive correlation of muscle fibre size with both 

serum and muscle IGF-I indicate that both sources of IGF-I are likely to have a function 

in muscle growth.

An important finding from this investigation is the demonstration of roughly comparable 

myofibre IGF-I mRNA signal in GHD and also following r-hGH treatment. If muscle 

IGF-I production is a normal feature of adult muscle then this suggests an important 

role of IGF-I in normal muscle maintenance and growth responses. The observed 

influence of gender and fibre type on the level of IGF-I ISH signal also suggests an 

involvement of muscle IGF-I in the normal maintenance of muscle fibres. The 

demonstration of IGF-I mRNA in interstitial cells, blood vessels, and intramuscular
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nerves suggests a role for locally produced IGF-I in the maintenance and plasticity of 

a range of peripheral tissues.

In summary, observations from this investigation, and from the literature, suggest that 

skeletal muscle is a target of GH acting directly, and indirectly via both hepatic and 

muscle generation of IGF-I. A logical inference from these findings is that GH is 

involved in both muscle growth in response to physiological stimuli, and via its 

generation of local IGF-I, in the normal plasticity of the neuromuscular junction and 

motor innervation.

Other targets of the GH/IGF-I axis may include the sudomotor apparatus which has 

been examined in this study in both humans and rats.

F.3. Growth hormone and the nervous system; a re-examination

There is increasing evidence to suggest that the endocrine and nervous systems are 

much more closely integrated than was previously thought. For example, classical 

neurotrophins not only influence the neuroendocrine axis, but can also be regarded as 

having endocrine fiinctions Conversely, many hormones have effects which may 

be autocrine and/or paracrine and are thus not typically endocrine. Further, the 

interactions of GH, IGF-I, and thyroid hormones (amongst others) with the nervous 

system suggests that they may fulfill a 'neurotrophic' function Much of the evidence 

in support of these proposals has been outlined in Chapters 1, 3 and 4, however, some 

aspects related to GH in particular will be explored below.

F.3.1. Neurotrophins and growth hormone

Aside from NGF expression in endocrine organs (eg. thyroid, parathyroid, adrenal, 

pineal and reproductive glands) the role of this neurotrophin in the hypothalamus- 

pituitary axis is of considerable interest. The presence of NGF and its receptors in the 

hypothalamus (pTS^*^ )̂ and pituitary {trk A) has been described in rats Patterson 

and Childs have observed NGF immunoreactivity in 51% of cells containing GH, 

whilst trk A immunoreactivity was present in 23% of GH-secreting cells. Borson et.at., 

were able to demonstrate, in the primate pituitary, immunohistochemical localisation 

of and neurotrophins (with a neurotrophin antibody binding to NGF, brain-

derived neurotropic factor and neurotrophin-3). The novel finding, in the latter study.

221



was the lack of co-localisation of neurotrophin-containing cells with hormone-secreting 

cells, suggesting the presence of a distinct population of neurotrophin cells in the 

anterior pituitary. An endocrine role for neurotrophins was postulated but remains 

debatable until the presence of neurotrophins in secretory granules has been shown 

Subsequent studies suggest a paracrine action of pituitary-derived NGF on the 

proliferation and differentiation of hormonal cells, particularly mammotrophs 

Treatment of pancreatic cell lines with r-hGH results in an increase of both p75^°^ and 

trk A receptor binding sites and of p75^^^ mRNA levels These actions are believed 

to be direct, since GHR sites exist on the p-cells and there appears to be a putative GH- 

responsive element in the p75^°^ gene; this GH-sensitive motif is also present in the 

genes for IGF-I, SS etc

NGF in the anterior pituitary is therefore possibly under control from GH, acting in a 

paracrine manner. Conversely, NGF or other neurotrophins may influence GH 

production from somatotropic cells. Further, the presence of GHR sites on tissues 

which produce or are responsive to neurotrophins, could be indicative of a similar 

control of neurotrophin levels by GH. The latter proposal has further implications which 

will be discussed in relation to the sudomotor apparatus.

F.3.2. The influence of growth hormone on its regulatory neurons

The positive effect of GH administration on peripheral nerve regeneration in normal and 

adult hypophysectomised rats indicates a role for this hormone in nerve-target 

interations in maturity. GH actions in the nervous system may occur through classical 

endocrine actions where circulating IGF-I acts as an intermediary. GH may also have 

a direct action on the target itself, with a subsequent indirect effect on nerves either 

through IGF-I, or through some other neurotrophin. There exists the intriguing third 

possibility that GH may also influence nerves directly.

The feedback of GH on its hypophysiotropic neurons (see AJ. 7.1.) calls for debate on 

the precise route of GH action on these neurons. Aside from feedback control in 

maturity, GH affects the survival and maturation of the GHRH and SS neurons in the 

developing hypothalamus Development and phenotypic differentiation of GHRH 

and SS neurons are normal in dwarf mice, however, lack of feedback signals from GH 

result in regression of SS neurons and increased numbers of GHRH neurons The
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mechanism for GH feedback control appears to involve activation of the c-fos gene, in 

SS neurons of the periventricular nucleus, and also in NPY neurons in the arcuate 

nucleus NPY-containing axons have synaptic connections with SS neurons in the 

periventricular nucleus, however, the location of their cell bodies is unknown; if these 

cell bodies were located in the arcuate then this would indicate that NPY neurons can 

indirectly influence GH secretion GHR mRNA has been colocalised with both SS 

mRNA in neurons of the periventricular nucleus and with NPY mRNA in neurons of 

the arcuate nucleus The levels of NPY in the neurons of the arcuate, but not in 

other regions of the hypothalamus, are dependent on the GH status of the animal 

suggesting a direct action of GH on these neurons Chan et al suggest that NPY 

neurons in the arcuate probably have connections with GHRH neurons in this region 

given the close proximity of these neurons. In addition, an inhibition of GH secretion 

following intracerebroventricular administration of NPY has been observed What 

is apparent from these studies is the direct nature of GH action, through its receptors 

in the hypothalamus, on its regulatory (and other) neurons.

F.4. Growth hormone, insulin-like growth factor I and the sudomotor apparatus

The above discussion has provided evidence for an action of GH on its 

hypophysiotropic neurons which is quite divorced from classical understandings of GH 

feedback inhibition on its secretion. Evidence has also been provided (see F.3.) to 

indicate a direct interaction of GH with neurotrophins. Aside from clarifying the various 

modes of GH action, the sections on GH and bone/muscle interactions (see F.2 .) have 

also shown the importance of receptors and binding proteins in modulating growth 

factor action. The above inferences will be discussed in relation to the actions of GH 

in the skin.

The present study has shown that GH exerts a trophic effect on ESG secretory coils. 

Further, sudomotor nerve growth has been shown to be a feature of acromegaly, and 

r-hGH therapy to GH-dehcient patients results in alterations in the neuropeptide 

content of ESG innervation. ISH on skin samples from GH-treated trial subjects, 

indicated the presence of IGF-I mRNA signal on ESG secretory coils (see plate 8). 

There was no specific staining in the periacinar connective tissue, suggesting that 

sudomotor nerve fibres situated in the connective tissue, did not express IGF-I signal.
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These preliminary observations demonstrate that human ESGs can express IGF-I with 

the potential for consequent trophic actions on periacinar nerves. In the absence of data 

from the baseline patients it is not possible to conclude whether r-hGH treatment 

induced IGF-I expression. Some evidence is presented below, particularly in regard to 

the distribution of GH and IGF-I in the skin, in support of this suggestion.

The presence of GHR/BP (protein and message) in human adult and foetal skin has 

been demonstrated 398-400,S6i q h r /b p  protein expression is seen in the epidermis, 

dermal fibroblasts, sebaceous glands, ESGs, and dermal blood vessels. However, GHR 

mRNA has only been localised to the epidermis, dermal fibroblasts and sebaceous 

glands. In rat skin, GHR/BP protein and message are found in similar locations to that 

in humans with the additional presence of GHR/BP immunoreactivity in peripheral 

nerves and skeletal muscle fibres 397,550,552,563 ^GF-I mRNA in human and rat skin is 

found primarily in the epidermis and in dermal fibroblasts, whilst immunohistochemical 

staining demonstrates the protein in hair follicles and sebaceous glands ^̂2,400,541,553 

Cultured human kératinocytes, but not fibroblasts, express mRNA for the IGF-I 

receptor Of particular import is the differential distribution of IGFBPs in adult 

human skin Batch et al localised IGFBP-3 (the major circulating IGFBP) mRNA 

to the epidermis whilst IGFBP-2, IGFBP-4, and IGFBP-5 mRNA was present in ESGs. 

Each IGFBP can both inhibit or potentiate IGF-I action However, the half-life of 

the IGF-I-IGFBP-3 complex is much greater than that of IGF-I associated with the less 

abundant and smaller-sized 'minor' IGFBPs (-1,-2,-4,-5 and -6) Also, the minor 

IGFBPs are not restricted to the circulation, hence, their involvement in local 

modulation can be inferred IGFBPs derived locally may prevent the diffusion of 

IGF-I and hence restrict its actions to the site of production This may occur by the 

association of IGFBPs with proteins in the cell surface, or in the extracellular matrix, 

resulting in an increased IGF-I avilability to its receptor Taken together with the 

preliminary demonstration of IGF-I mRNA in ESGs in the present study, this result 

indicates that IGF-I produced by ESGs may have an autocrine/paracrine function. 

Hence, GH-induced IGF-I production would be accompanied by the production of 

IGFBPs, also from the ESGs. The IGFBPs, by restricting IGF-I action to the vicinity 

of the ESG, would serve a key function in control over IGF-I action. Given the well
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established influence of IGF-I on peripheral nerves, an obvious target of IGF-I action 

would be the sudomotor fibres.

The mechanism thus far presented is of an initial direct effect of GH, through its 

receptor on ESGs, inducing IGF-I production and glandular growth. The growth 

response may also be a consequence of IGF-I acting in an autocrine manner, or through 

circulating IGF-I. Until distribution of IGF-I receptors in skin has been evaluated, these 

possibilities cannot be dismissed. It is also proposed that the generation by ESGs of 

specific IGFBPs, whose role is linked to local control over IGF-I function, is indicative 

of a neurotrophic role of ESG-derived IGF-I on sudomotor nerves.

Neurotrophic factors for ESG innervation in maturity have not been extensively 

investigated. The target-derived cholinergic differentiation factor (s) responsible for the 

transmitter switch in sudomotor neurons during development, remains to be identified 

(see CL4.) Though leukemia inhibitory factor and ciliary neurotrophic factor can 

induce cholinergic differentiation in culture, transgenic mice deficient in either factor 

have a normal neurotransmitter phenotype 289,443,565 ygiigygj to be permissive

for developing sudomotor neurons, allowing the neurons to survive and grow but not 

influencing their phenotype The demonstration of p75^°^ staining on rat

sudomotor nerves in this study is indicative of a role in adulthood for the neurotrophin 

family (i.e. NGF, brain-derived neurotrophic factor, neurotrophin-3 etc). This is also 

believed to be true in humans since trk A immunoreactivity has been observed on ESG 

secretory coil and duct cells These observations allow the proposal of an interaction 

between NGF and IGF-I as neurotrophic factors acting in synergy for the sudomotor 

neurons in maturity. The similar biochemical pathways and mechanisms of NGF and 

IGF-I action, the potentiation by IGF-I of NGF receptors, and the co-localisation of 

IGF-I and p75^*^  ̂in the same neuronal population has been previously commented on 

(see DL3.4.). A further aspect of cooperation will be commented on below.

The NGF gene encodes for a protein (78 NGF) which is synthesised in a pre-pro form 

78 NGF is a dimer made up of two a-, two P-, and two y-subunits, with the y- 

subunits responsible for the protease activity and also involved in intracellular 

processing of the pre-pro form of the NGF molecule^^^’̂ ^̂ . The p-subunits constitute 

the biologically active, secreted form of the peptide 78 NGF can modulate IGF-I 

action by cleaving of IGFBP-3, -4, -5, and -6, hence suggesting an additional level of
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interaction between the two growth factors Though the latter study employed a 

protease assay methodology, the inhibition, by 7S NGF of IGF-I binding to neurons in 

culture, also suggests the validity of this finding

Is there an additional role for GH in this scenario? Without the influence of epigenetic 

factors in determining neuronal connectivity, the complexity of the nervous system 

would be considerably curtailed Thus, sympathetic neurons induced to innervate 

large targets exhibit greater cell body diameters and more complex dendritic 

arborisations than do neurons that innervate smaller targets The demonstration of 

hypertrophic glands in acromegaly, and a correspondingly increased innervation, is 

compatible with excess GH levels inducing nerve-target changes at the level of the 

ESGs. An alternative explanation would involve circulating GH affecting the 

thermoregulatory centre in the hypothalamus, resulting in an increased innervation to 

the ESGs, which would direct the subsequent elevation in the sweating profile. 

However, this interpretation suggests that the other changes which occur in the skin of 

acromegalic subjects (eg. increased epidermal thickness, hyperpigmentation, dermal 

connective tissue changes, increased sebum secretion etc; see CI.8.) may also be 

explained by alterations in central control of growth and metabolic processes. What has 

become apparent from the discussion on the mechanism of GH action in relation to 

bone, muscle and ESGs, is the importance of direct effects of GH on target organs. It 

is suggested that the GH/IGF-I axis serves as a bridge allowing central modulation of 

peripheral effectors.

An additional role of the GH/IGF-I axis could be in its interaction with the spinal and/or 

axon reflex sweat responses (see CL 3., 6̂2-264̂  The local nature of these alternate 

sweating pathways would allow for modulation by paracrine factors. For such a 

function to exist, however, a physiological significance for these reflex arcs needs to be 

proven. Localised hyperhidrosis associated with cutaneous diseases has already been 

commented on (see CL 3. & CL 8.) and may be compensatory if there are large areas of 

anhidrosis In addition, it has recently been shown, in normal subjects undergoing 

physical exercise in a temperate environment or under heat stress, that while an 

exercise-induced rise in core temperature is critical to acclimation (including cutaneous 

blood flow and sweating responses), heat stress induces a much more complete 

acclimation Regan et al propose that not only is the cutaneous input important
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in acute regulation of core temperature, but it may be fundamental to the acclimation 

process through which the body adapts to restrict changes in core temperature. Does 

the latter investigation have consequences for a local modulation of sweating? Kruger 

et al suggests that ESGs may provide an example of a peripheral feedback loop 

whereby cutaneous thermoreceptors stimulated by an elevation in temperature might 

then activate ESGs in their immediate vicinity to dissipate heat and maintain body 

temperature. Such a mechanism would presumably also include vasodilator responses, 

hence, the presence of a factor with an influence on both sensory and sympathetic 

populations can be envisaged to play a crucial role in peripheral thermoregulatory 

responses. The presence of both NGF and IGF-I in the local environment, taken 

together with the increased secretion of GH in situations of elevated temperature, allow 

the possibility of modulation by these factors of the sweating apparatus.

The role of GH in thermoregulation has been one focus in the present study. A link has 

been suggested between GH status, the sweating profile and changes in ESG 

morphology and innervation. Further, a direct role of GH on the effector organ has 

been established from a study in rats. A mechanism of direct actions of GH on the 

sudomotor apparatus has been proposed taking into consideration better understood 

pathways in bone and muscle. It has also been suggested that the skin serves not just 

as a passive conveyor or recipient of nerve impulses, but that it generates local 

thermoregulatory responses. It is hypothesised that GH, through interactions with IGF-I 

and NGF, may play a crucial role in modulating the morphology and plasticity of the 

sudomotor apparatus. In consequence, in situations of GHD, including ageing, 

alterations in thermoregulation may be a consequence of lack of trophic support to the 

sudomotor apparatus.

F.5. Gender, thyroid hormones and growth hormone interactions

Gender differences were observed for various experimental markers. Some of these 

confirmed previous observations. Thus, males exhibited greater levels than females for 

serum IGF-I (28%), sweat rate (37.5%), and muscle fibre size (13.6%). Other findings 

were more novel, such as increased levels of VIP and PGP staining in sudomotor nerves 

(13%), ESG size (8%), and IGF-I mRNA in muscle (12%) in males compared to 

females . Further, T3 concentrations were found to vary according to the thyroxine
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status of the patient. Hence, euthyroid subjects demonstrated greater levels of T3 in 

males (19%), and patients on thyroxine replacement exhibited increased T3 

concentrations in females (13%) as compared to males. Patients on thyroxine 

replacement also showed greater levels of circulating thyroxine in females (22%) as 

compared to males. Two-way ANOVA analysis indicated that, apart from thyroid 

hormones, these results were independent of the GH status of the patients.

Given the small study group, extrapolations of the novel data to the general population 

may not be appropriate. However, the results suggest that patients displayed gender- 

specific dififerences for key physiological parameters. As an aid to interpreting the value 

of experimental findings, the incorporation into clinical trials of parameters known to 

display a sex difference, may be used as a tool in indicating 'normality' of a 

heterogeneous study group. However, these results also illustrate the dangers of under

estimating gender differences in clinical trial design, particularly with regard to placebo- 

controlled studies. The skewed distribution of females (7 in placebo group, 3 treated 

with r-hGH for 12 months) in the present investigation probably contributed to the lack 

of statistical power for certain analyses. This is exemplified by the greater 

responsiveness of females to r-hGH therapy for some parameters. Hence, increases in 

females were greater than those in males for sweat rate (males 31%, females 52.5%) 

and AChE staining around ESGs (males 19.5%, females 41%). A gender-specific 

response to r-hGH therapy has previously been reported by Johannsson et al with 

males responding to treatment better than females for serum IGF-I levels and total body 

weight. In addition, Johansson et al have observed differences between clinical trial 

groups at the baseline stage for certain parameters. It is apparent that human studies 

with small numbers of subjects need to be carefully evaluated for gender differences, 

and that designation of placebo administration should not be random in relation to 

gender.

A further aspect to the role of gender in determining GH-responsivity relates to the 

mechanisms of GH action in the skin. The finding of greater sweating rates in male as 

compared to female trial subjects has already been elaborated upon (see CD. 3.). The 

increased responsiveness of females to r-hGH therapy may reflect the observation that 

peak GH levels in response to most pharmacological stimuli are greater in normal 

premenopausal females than males The link which has been shown in this study
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between changes in the sweating profile and cholinergic innervation suggest that the 

effect of GH on the sudomotor apparatus may be influenced by interactions with sex 

hormones. The presence of both androgen and oestradiol receptor immunoreactivity 

(see CD. 3.) on ESGs is consistent with this scenario. What could the mechanism of 

interaction between GH and sex hormones involve? Sex hormones are known to modify 

the metabolic and growth-promoting effects of GH in peripheral tissues It has been

suggested that androgens are involved in long-term remodelling of secretory coil 

structure and in the maintenance of sex differences a possible mechanism may be via 

androgen-dependent tissue kallikreins. The presence in human sweat of kallikrein and 

kininase suggests that a kallikrein-kinin system is present in ESGs Glandular 

kallikrein is may be involved in cleavage of bioactive precursor peptides of NGF and/or 

epidermal growth factor Interestingly, the glandular kallikrein, prostate specific 

antigen, can act as an IGFBP-3 protease releasing IGF-I suggesting an influence 

over GH action in the skin for these proteases and hence for androgens. The sex 

differences observed in this study for sweating, acinar size, and innervation may 

therefore be explained by the greater activity of kallikreins modulating NGF and IGF-I 

activity in males. The mechanism of oestradiol action is unclear, however, future studies 

on the interaction of sex hormones with the GH/IGF-I axis are warranted particularly 

with regard to possible influences on neurotrophic function.

In relation to gender differences, a further contributory factor may be the influence of 

thyroid hormones. Thyroxine and triiodothyronine levels were reduced in the placebo 

group, relative to baseline values, in females only (11% and 24%, respectively). Thus, 

for those experimental parameters demonstrating a correlation with thyroid hormones, 

a gender-specific influence, particularly for females in the placebo group, may be 

postulated. However, the fluctuating relationship between thyroid hormones and GH 

status (see BD.3.) does not allow for clear inferences to emerge in relation to the 

gender data from the present study. Interactions were also observed between thyroxine 

and parameters such as urinary total pyridinoline (negative correlation), muscle fibre 

size (negative correlation) and neuropeptides in sudomotor nerves (negative correlation 

with AChE and VIP; positive correlation with PGP epidermal/dermal staining). A role 

of thyroid hormones has also been suggested for muscle fibre proportions (see ED. 1.). 

These results have consequences for the mechanism of GH action and it is also possible
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that some beneficial effects of r-hGH therapy may be mediated through thyroid 

hormones. Hence, it has been shown that r-hGH treatment, without the concurrent 

administration of thyroid hormones, may not be as effective in reversing growth 

impairments in hypopituitary humans Further, IGF-I bioactivity is reduced in both 

hypothyroidism and hyperthyroidism (despite normalised IGF-I levels in 

hyperthyroidism) In relation to the nervous system, it has been demonstrated in 

culture that a synergy between thyroxine and IGF-I determines cortical neuron 

development and differentiation. Addition of T3 to hypothalamic cultures results in 

maturation of neurones coincident with increased IGF-I levels Thyroxine also 

increases neurite outgrowth of peripheral regenerating nerves An interaction 

between NGF and thyroid hormones exists with developmental expression of NGF 

possibly modulated by thyroxine The influence of thyroid hormones on the function 

of the GH/IGF-I axis is indicated from the above observations. It is apparent that a 

more thorough evaluation of the role of thyroid hormones, particularly on the neuronal 

aspects, is required.

F.6. Conclusion

Adult growth hormone deficiency syndrome involves changes in the musculo-skeletal 

system as well as thermoregulatory disturbances. The present study has investigated 

these problems before and after growth hormone therapy. Prior to treatment, GH- 

deficient subjects display decreased sweating rates, alterations in sweat gland 

innervation, and reductions in muscle fibre size and IGF-I mRNA expression. Therapy 

with r-hGH reverses some of these deficits. The mechanism of GH interaction with 

these systems has been investigated and is believed to involve direct actions of GH on 

targets leading to local IGF-I generation. In addition, GH effects on sweat gland 

innervation suggest an indirect neurotrophic function for this hormone, possibly via 

generation of local, target-derived neurotrophins. This study has also shown an 

influence of sex and thyroid hormones on patient responses to r-hGH therapy.

It is apparent that beneficial effects of r-hGH substitution involve interplay with several 

body systems, including muscle, skin appendages and the peripheral nervous system.
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Plate 8

Photomicrograph of skin from a trial subject, following twelve months r-hGH 

therapy, demonstrating IGF-I message expression by in situ hybridisation.

A: ESGs demonstrating a-sense signal (xIO magnification).

B: ESGs demonstrating sense signal (xlO magnification).

C: ESGs demonstrating a-sense signal (x40 magnification).

Note: The ESG periluminal cell staining (arrowhead).

Scale bar for A and B =1000pm.

Scale bar for C =25pm.
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Appendix G .I.

Data presentation and statistical methods

The variability in response to r-hGH therapy between patients and the confounding 

influences of gender, age, and thyroid hormone status are aspects which have had to be 

carefiilly evaluated as part of this study. Due to these influences, the data generated 

were considerable and thus only results which indicated changes have been presented. 

Patients received either placebo or r-hGH for the first six months after which all 

subjects received r-hGH for the subsequent six months (see BM. L). Subgroups for data 

analysis could have included:

la) baseline patients to receive r-hGH, six months r-hGH, twelve months r-hGH. 

lb) baseline patients to receive placebo, six months placebo, six months r-hGH. 

or,

2) all baseline patients, six months placebo, six months r-hGH, twelve months r-hGH.

The latter method of subdividing trial subjects was chosen in order to allow maximum 

numbers to be included in analysis. The major disadvantage of this approach is in the 

comparison of the six months placebo and twelve months r-hGH groups since they are 

composed of separate patient populations. A complementary approach, involving 

expressing each patient's six and twelve month data as a percentage of the baseline 

values, was also carried out. Though baseline data spread is lost, this method minimises 

differences due to inter-patient variability.

Before statistical analysis, data were checked for normality of distribution. This 

consisted of a visual assessment of observed and expected normal frequency 

distributions (Unistat statistical package 3.0a). In addition, the Shapiro-Wilk goodness 

of fit test was carried out on the data. The latter test provides a test statistic (from 0 

to 1) which is indicative of the normality of the data (see for experimental usage see
574)

The parametric test of choice was the classic experimental analysis of variance 

(ANOVA). However, student's t-test was also utilised where appropriate. The ANOVA 

method allowed the influence of more than one factor to be evaluated (two-way 

ANOVA, regression analysis). Post hoc comparisons of data groups were carried out
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with the Tukey-highest standard deviation method If data were not normally 

distributed transformation of the data was carried out. Logarithmic and square root 

transformation are established methods of normalising data spread (see for 

experimental usage see Non-parametric methods included the Kruskal-Wallis

ANOVA (K-W ANOVA) and the Mann-Whitney U test (M-W U test). A 95% 

confidence interval was used for all statistical analysis.

For age and gender analysis, in order to increase numbers for analysis, patients at all 

trial stages were included in the statistical tests. However, individual trial stages were 

also examined for age and gender differences and where trial status influenced these 

analyses, then this has been stated. In addition, two-way ANOVA was carried out to 

identify GH influences in relation to gender and age.
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Appendix G.2. 

Assays for serum IGF-I, free T3, free T4, and urinary total 

pyridinoline crosslinks

G.2.1.Serum IGF-I assay

The details of the competitive radioimmunoassay protocol are as follows:

A polyclonal rabbit anti-IGF-I antiserum and a radioactively labelled IGF-I tracer 

were added to a serum sample. The non-labelled IGF-I in serum competes with the 

labelled IGF-I tracer for the limited amount of binding sites in the antiserum (anti- 

IGF-I antibodies are added in a substoichiometric amount as compared to the total 

amount of labelled and non-labelled IGF-I). After an overnight incubation at room 

temperature, the immune complex was precipitated with a second antibody 

(polyclonal anti-rabbit IgG antiserum) in a polyethylene glycol environment. The 

radioactivity of the precipitated immune complex was then counted in a gamma 

counter. The amount of precipitated radioactivity in a sample is reciprocally 

proportional to the concentration of IGF-I.

IGFBPs may interfere with the assay. Thus, IGFBPs were precipitated with acidified 

ethanol prior to the assay. To further reduce the influence of the IGFBP activity, a 

truncated IGF-I analogue was utilised as a tracer. In the analogue, des (1-3) rhIGF-I, 

three amino acids are missing from the amino terminal resulting in a lower affinity 

for IGFBPs as compared to native IGF-I.

The assay has a cross-reactivity for IGF-II of about 1 %. For insulin, proinsulin and 

smaller synthesized IGF-I fragments the cross-reactivity is negligible.

(Protocol information courtesy of Pharmacia & Upjohn Ltd, UK; document 94 96 

681)

G.2.2. Serum free T3 and T4 assay

The test principal is an ELISA method using streptavidin technology (Enzymun-test 

FT-3/FT-4). The plasma is treated with EDTA buffer and incubated with streptavidin 

incubation solution. An incubation solution, containing biotinylated anti-T3/T4 

antibodies, is added allowing plate wall binding. A washing stage separates the unbound
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constituents and a substrate-chromagen solution solution is added. Absorbance is 

plotted allowing an assessment of free T3/T4 concentration. (Protocol information 

courtesy of Boehringer Mannheim, UK; document 1092.309.1411730)

G.2.3. Urinary total pyridinoline crosslinks assay

Extracted freeze-dried acid hydrolysates were re-suspended in 20mM 

pentafluoropropionic acid (PFPA). Separations were carried out using an Exsil 100 5- 

microns 0DS2 column (100mm x 2.1mm I.D.) eluted with lOmM PFPA in water at 

0.15 ml/min and detected using a Jasco 821-FP detector (xenon lamp: excitation 

290nm, emission 400nm). Fluorescent response was linear from 269 to 8620fmol for 

pyridinoline. The limits of detection were 28fmol.^^^
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Appendix G.3. 

Gelatin coating of slides and acetylcholinesterase methodology 

G.3.1. Gelatin-chrom alum coating of slides

Slides are washed in 75% alcohol and air-dried. The coating solution consists of 1% 

gelatin and 0.3% chromic potassium sulphate; for 300ml add (i) 3g gelatin powder to 

250ml H2O, warm to 50°C, (ii) add 0.3g chromic potassium sulphate to 60ml H2O and 

warm to dissolve. Mix both solutions, filter, allow to cool to 37°C. Dip slides for Imin, 

drain of excess and dry at 37°C. Coated slides may be stored for several weeks.

G.3.2. Acetylcholinesterase methodology

Incubation medium constituents;

Phosphate buffer (pH 6.02); mix KH2PO4 (O.IM, 13.61g/l) and Na2HP04 (O.IM, 

14.2g/l).

Sodium citrate (O.IM, 2.94g/100ml), copper sulphate (anhydrous, 0.03M, 

479mg/100ml), potassium ferricyanide (0.003 8M, 126mg/100ml). Store stock solutions 

at4°C.

For 100ml add 50mg acetylthiocholine iodide to 65ml phosphate buffer (pH 6.02). Then 

add sodium citrate (5ml), copper sulphate (10ml), H2O (10ml), potassium ferricyanide 

( 10ml), and 100 pi of inhibitor.

Three inhibitors were utilised:

Iso-OMPA (tetraisopropylpyrophosphoramine; Mwt =342.4, working solution =10'^ 

M); an irreversible inhibitor for abolishing non-specific staining.

Eserine (Mwt= 649, working solution =0.42x10'̂ ^M); a competitive inhibitor for 

abolishing both specific AChE and non-specific staining.

B.W. 284C51 (Mwt =560, working solution =10'^M); a competitive inhibitor for 

abolishing specific AChE staining.
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Appendix G.4. 

I n  s i t u  hybridisation procedures

G.4.1. Silane coating of slides

Wash slides with in 10% hydrochloric acid/70% ethanol (30s), DEPC-H2O (30s), 95% 

ethanol (30s). Bake slides (180°C) overnight after wrapping in aluminium film. Dip 

slides in 2% 3-aminopropyltriethoxsilane (30s; 2% in acetone), wash in acetone 

(2xlmin), DEPC-H2O (2xlmin). Dry at 37°C overnight.

G.4.2. Probe labelling for ISH

G.4.2.I. Linearize DNA by digestion with restriction enzymes

To two eppendorf tubes on ice were added 5 pi plasmid DNA (IGF-I rabbit cDNA in 

PBS, 0.62pg/pl), 2pl buffer B and 1 Ipl DEPC-H2O. Finally 2pl of the appropriate 

restriction enzyme was added; Bam HI (anti-sense) and Hind III (sense). After mixing 

and a quick spin the tubes were incubated at 37°C for 120min.

G.4.2.2. Check digestion with agarose gel

A 1% agarose gel was prepared;

To 0.3g agarose, 30ml IxTAE buffer was added. After heating in a microwave to 

dissove (Imin) the solution was cooled to -1 5 °C, then 2pl ethidium bromide was 

added (care carcinogenic). The agarose solution was poured into the electrophoresis 

apparatus and the gel left to set for 30min. 1 xTAE buffer was poured till the gel block 

was covered. One sample per lane was applied. The gel was run for 30min (lOOV, 

75A):

Lane one, 20pl Bam HI cut DNA + Ipl load buffer 

Lane two, 20pl Hind III cut DNA + Ipl load buffer 

Lane three, 20pl uncut plasmid DNA + Ipl load buffer (control)

Lane four Ipl Ikb DNA ladder + Ipl load buffer + 19pl H2O (ladder for size of DNA) 

The gel was viewed under UV light; linearized DNA moves slower than uncut DNA 

thus the uncut DNA band is higher than the linearized DNA bands.
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G.4.2.3. Purify linearized DNA with DNA purification matrix

The Prep-A-Gene DNA Purification Matrix (Bio-Rad Laboratories, USA) method was 

utilised. Under UV light a scalpel blade was used to cut the gel around the band area 

in order to excise the two linearized DNA bands. The gel slices were placed in 

eppendorf tubes and centrifuged to bring the gel slice down. The volume of this slice 

was estimated to within 20% by placing a similar tube next to it and dropping water 

into the empty tube until the equivalent volume was achieved to that of the gel slice. 

The amount of Prep-A-Gene matrix required to bind all of the DNA present was 

calculated as follows;

The capacity of matrix for supercoiled DNA is 0.2pg DNA per microliter of completely 

resuspended matrix, i.e. 5pi matrix is needed for each pg DNA to be adsorbed.

The volume for both Bam HI and Hind III slices was 200pi, the DNA concentration 

was 0.62pg/pl for 5pi plasmid DNA, hence the DNA concentration was 3.1pg per 

tube. Since for each tube 5pi matrix per pg DNA is required, thus 15.5pi matrix per 

tube was needed.

Based on the volume of the gel slice plus the amount of Prep-A-Gene required for total 

DNA binding, 3 volumes of Prep-A-Gene binding buffer were added to the gel slice and 

agitated gently to dissolve. The tube was heated at 37-55°C for several minutes to 

assist in dissolving the agarose, followed by the addition of the predetermined amount 

of Prep-A-Gene matrix. After gentle mixing by flicking the tube, or vortexing briefly, 

the eppendorf tubes were incubated for 5-lOmin at room temperature. End-over-end 

rocking during this binding step was carried out to assist DNA to Prep-A-Gene binding. 

Centrifuging for 30s in a micro-centrifuge resulted in pelleting of the DNA-containing 

Prep-A-Gene matrix. The supernatant was removed, either with a pipett tip attached 

to a vacuum aspirator or with a pipettor, and the pellet containing the bound DNA was 

rinsed. This was carried out by resuspending the pellet gently in an amount of binding 

buffer equivalent to 50 times the amount of added matrix, using brief vortexing or by 

flicking the centrifuge tube. After centrifugation as above the rinse step was repeated. 

The supernatant was disposed of and the Prep-A-Gene pellet washed three times with 

a 5Ox pellet volume of prepared wash buffer. After the last wash and centrifugation to 

pellet the matrix, all traces of liquid in the tube were carefully removed by removing 

most of the supernatant. Re-centrifugation of the tube to pellet the matrix firmly was
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followed by removal of the remaining supernatant. Ethanol and high concentrations of 

salt can inhibit enzymes thus it is important to remove the last traces of wash buffer 

before eluting DNA from the Prep-A-Gene pellet, hence, the tubes were placed in a 

speed-vac for several minutes prior to the addition of the elution buffer.

The bound DNA was eluted by resuspending the Prep-A-Gene matrix pellet in one 

volume of elution buffer (15 pi sterile double distilled water), followed by incubation at 

50°C for 5mins. A spin for 5mins to make a solid pellet was then carried out. DNA 

dissolves in the elution buffer and at least 75% is transferred to the supernatant. Hence 

the supernatant was removed to a fresh tube and another 15 pi elution buffer added to 

the original tube. Resuspension followed by a quick spin and removal of the supernatant 

to the fresh tube was carried out to yield an additional 10-15% recovery. The 

concentration od DNA was verified, once centrifugation of the fresh tube to check for 

the presence of unwanted matrix had shown no trace of pellet.

G.4.2.4. Determine concentration of DNA

A 1% agarose gel was run as in to check the two DNA samples. The presence of a 

single sharp band of the predicted size for each sample indicated the presence of only 

linear DNA:

Lane 1; Ipl DNA sample cut by BamHI + Ipl north buffer + 8pl H^O 

Lane 2; 1 pi DNA sample cut by Hindlll + 1 pi north buffer + 8pl H2O 

Lane 3; Ipl Ikb DNA ladder + 1 pi load buffer + 8pl H2O

G.4.2.5. In vitro transcription to generate single-stranded riboprobe

A nucleic acid (RNA) labelling kit (no. 1175 025; Boehringer Mannheim, UK, with 

SP6,T7 and T3 RNA polymerases) was utilised. One digoxigenin-11-UTP residue is 

incorporated every 20-25 nucleotides (from Ipg template DNA can transcribe -lOpg 

of full length DIG-labelled RNA).

To two eppendorf tubes on ice were added 9pl linear DNA (~1 pg; cut by either BamHI 

or Hind IB), 2pl NTP labelling mix (lOx cone ), 2pl lOx transcription buffer, 2pl RNA 

polymerase (T3 or T7), Ipl RNase inhibitor and 4pl DEPC-H2O.

After brief mixing and centrifugation the tubes were incubated at 37° C for 2h. This was 

followed by the addition of 2pl DNase I to remove any remaining template DNA with
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incubation at 37°C for 15min. The reaction was stopped by 2pl 0.2M EDTA solution 

(pH8.0) per tube.

Precipitation of the labelled RNA, with 2.5pl 4M LiCl (0.1 vol.) and 75pl pre-chilled 

(-20°C) 100% ethanol (3 vol.), was accomplished by leaving the tubes at -70°C for 

30min. Pelleting of the RNA was by centrifugation at 14 OOOg for 30min (4°C). The 

supernatant was removed and the pellet washed with 80% ethanol, 50pi per eppendorf 

tube (5min, cool spin). A brown pellet was obtained with any remaining ethanol 

removed with a pipette. The pellet was then dried in a speed-vac (10-15min, the more 

transparent the pellet the less the salt concentration, the better). Finally, the pellet was

dissolved in lOOpl of TE buffer + 2pl RNase inhibitor, at 37°C for 30min. The

riboprobe was stored at -20°C.

G.4.2.6. Run minigel to check size and concentration of templates

To check the cRNA probe a 1% agarose gel was run with control RNA (or DNA) of 

known size and concentration.

Lane one: 2pl anti-sense riboprobe + 8pl RNA load buffer 

Lane two: 2pl sense riboprobe + 8pl RNA load buffer 

Lane three: Ipl control DNA + l p l  load buffer + 8pl DEPC-H2O 

Lane four: Ipl Ikb DNA ladder + Ipl load buffer + 8pl DEPC-H2O 

The gel was run for 30min, lOOV, 50A.

The concentration of probe was determined from the band sizes.

For the control DNA (4935.4), lpg/4935.4 in Ipl.

For cRNA main band was taken as that of the transcript (anti-sense 1061.7, sense 

942.34).

Concentration of anti-sense riboprobe (Ipg x 530.85/4935.4 in Ipl = 107.5ng/pl). 

Concentration of sense riboprobe (Ipg x 471.2/4935.4 in Ipl = 95.47ng/pl).

G.4.2.7. Check DIG incorporation into probe using a dot blot

To a small piece of nylon membrane (positively charged, Boehringer Mannheim, UK) 

was applied l-2pl anti-sense or sense riboprobe. The membrane was cross-linked to the 

cRNA with 2-3 min UV light exposure. After equilibriating the membrane in DIG buffer 

1 for Imin, the membrane was blocked by gently agitating it in DIG buffer 2 for 30min
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in a petri dish. The membrane was then incubated for 30 min with the anti-DIG 

antibody (anti-DIG-alkaline phosphatase in DIG buffer 2, 1:5000, working 

concentration 150 mU/ml). Two washes in DIG buffer 1, 15min each, to remove 

unbound antibody was followed by equilibriation of the membrane in DIG buffer 3 for 

2min. Incubation in fresh colour solution was carried out in the dark for 12h (colour 

solution, 45pi NBT solution and 35pi X-phosphate in 10ml DIG buffer 3). The reaction 

was stopped by a 5 min wash of the membrane in DIG buffer 1.

G.4. 3. Reagents and chemicals

All reagents and chemicals from Boehringer Mannheim, UK, unless specified otherwise.

Anti-digoxigenin-AP, Fab fragments; Anti-digoxigenin (Fab) conjugated to alkaline 

phosphatase.

Blocking reagent, stock solution; for 100ml add to 85 ml buffer 1, lOg blocking 

reagent. Heat (microwave; 3-5mins) and shake to dissolve. Make up with buffer 1 to 

volume. Autoclave and store at 4°C or -20°C.

Color Solution; for 10ml add to 9ml buffer 3, 45 pi NBT, 35 pi X-phosphate and 2.4 

mg levamisole. Make up with buffer 3 to volume, use fresh and keep in the dark. 

DEPC-HjO; Add 1ml diethylpyrocarbonate (DEPC) to 1000ml double-distilled H2O. 

Stir at room temperature for 30min. Autoclave and store at room temperature (Sigma, 

UK).

Digoxigenin buffer 1; for 1000ml add to 850ml DEPC-H2O, 11.61g maleic acid 

(O.IM), 8.77g NaCl (0.15M). Adjust to pH 7.5 with conc. NaOH. Make up with 

DEPC-H2O to volume. Autoclave and store at room temperature (note: alkaline 

conditions needed for DIG).

Digoxigenin buffer 2; for 100ml add to 85ml buffer 1, 10ml block stock solution. 

Make up with buffer 1 to volume. Store at room temperature.

Digoxigenin buffer 3; for 500ml add to 400ml DEPC-H2O, 15.76g Tris-HCl (200mM, 

Trizma hydrochloride), 5.84g NaCl (200mM). Adjust pH to 9.5 with lOM NaOH. 

Make up with DEPC-H2O to volume. Separately prepare 10.16g MgCl2 (lOOmM) in 

400ml DEPC-H2O. Make up with DEPC-H2O to volume. Add one volume of the first 

solution to one volume of the MgCl2 solution. Store at room temperature.
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Digoxigenin buffer 4; for 500ml add to 400ml DEPC-H2O, 0.186g EDTA (1 mM), 

dissolve then add 0.788g Tris-HCl (lOmM). Adjust to pH 8.0 with ION NaOH. Make 

up with DEPC-H2O to volume. Store at room temperature.

Digoxigenin wash Buffer; for 100ml add to 85ml buffer 1, 0.3ml Tween 20 (0.3%, 

Tween 20 is polyoxyethylenesorbitanmonolaurate). Make up with buffer 1 to volume. 

Store at room temperature.

DNA, labelled control; digoxigenin-labelled pBR328 DNA, random primed labelled. 

DNase I, RNase-free; 10 units/pl.

EDTA, 0.5M; for 1000ml add to 800ml DEPC-H2O, 186g EDTA 2 H2O m.wt.=372.2. 

Adjust to pH 8.0 with ION NaOH, solution will now dissolve. Make up with DEPC- 

H2O to volume. Autoclave and store at -20°C.

Ethanol; absolute ethanol, chilled at -20°C, diluted in DEPC-H2O (Sigma, UK). 

Glycine 2mg/ml; for 400ml add to 350ml IxPBS, glycine 800mg. Make up with IxPBS 

to volume. Use fresh (Sigma, UK).

HCl, 0.2N ; for 500ml add to 400ml DEPC-H2O, 20ml 5N HCl. Make up with DEPC- 

H2O to volume. Store at room temperature (Sigma, UK).

Hybridisation Buffer; 50% de-ionised formamide, 5xSSC, 5xDenhardt’s soln, yeast 

t-RNA (lOOpg/ml, sterile-filtered), heat denatured and sheared salmon-sperm DNA 

(250pg/ml), 4mM ethylenediaminetetracetic acid (EDTA), 0.05M Na phosphate buffer 

pH6.5, 4xSSC, 5% dextran sulphate, 5xDenhardt’s soln (0.02% BSA, 0.02% PVP,

0.02% Ficoll 400). Store at -70°C or -20°C.

LiCl, 4M; lithium chloride solution made up with DEPC-H2O. Autoclave and store at 

-20°C (Sigma, UK).

MOPS, lOx; morpholinopropansulfonic acid (200mM), sodium acetate (50mM), 

EDTA (lOmM), mix, pH7.0, autoclave.

MOPS buffer; 0.01% (w/v) bromophenol blue, 50pl glycerol, make up to 500pl with 

DEPC-H2O.

NBT solution; 75 mg/ml nitroblue tétrazolium salt in 70% (v/v) dimethylformamide, 

DIG-RNA labelling kit, store at -20°C.

NTP labelling mixture, xlO; lOmM ATP, lOmM CTP, lOmM GTP, 6.5mM UTP, 

3.5mMDIG-ll-UTP; in Tris-HCl, pH7.5 (+20°C).

Nylon membranes; positively charged, DIG-function tested.
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Paraformaldehyde (4%) ; for 400ml add to 350 ml DEPC-H2O, paraformaldehyde 

16g. Heat to 60°C, add a few drops (4-5) IM NaOH. Cool in ice, add PBS tablets = 

2 tabs. Filter and adjust pH to 7.2, make up with DEPC H2O to volume. Use fresh 

(Sigma, UK).

PBS, lOx; for 500ml add to 400ml DEPC-H2O, 25 tablets Sigma PBS (Sigma, UK). 

Make up with DEPC-H2O to volume. Autoclave and store at room temperature. 

Prep-A-Gene DNA Purification Matrix; Bio-Rad Laboratories, USA.

Pronase 10 pg/ml, RNA free, lyophylised; for 400ml add to 350ml IxPBS, 4mg 

pronase. Make up with IxPBS to volume, store at -20°C.

RNA dilution buffer; mix DEPC-H2O, 20xSSC and formaldehyde 5:3:2.

RNA loading buffer; 250pl deionized formamide, 83pi formaldehyde 37% (w/v), 50pl 

lOx.

RNase 100 pg /ml, DNase free, lyophylised;for 100ml add to 85ml 2xSSC, lOmg 

RNase. Make up with 2xSSC to volume, store at -20°C.

RNA polymerase, T7/T3/SP6; 20 units/pl.

RNase inhibitor; 40000 units/ml, Pharmacia Biotech, UK.

SSC, 20x; for 500ml add to 400ml DEPC-H2O, 87.65g NaCl (3M), 44. Ig sodium 

citrate (0.3M). Adjust pH to 7.0 with ION NaOH at 20°C. Make up with DEPC-H2O 

to volume. Autoclave and store at room temperature.

TEA, 0.1 M; for 1000ml add to to 850ml DEPC-H2O, triethanolamine.Cl 18.57g. 

Adjust to pH 8.0 with ION NaOH, make up with DEPC H2O to volume. Use fresh. 

TE buffer; lOmM Tris, ImM EDTA (pH8.0, +20°C).

Transcription buffer, xlO; 400mM Tris-HCl, pH8.0 (+20°C), 60mM MgCl2, lOOmM 

DTT, lOOmM NaCl, 20mM spermidine, RNase inhibitor lU/pl.

X-pbospbate solution; 50mg/ml 5 -bromo-4-chloro-3 -indolyl phosphate (X- 

phosphate), toluidinium salt in 100% dimethylformamide, store at -20°C.
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