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Summary

Thirty two children ( twenty one boys and eleven girls ) whose ages ranged
from 2.17 to 17.94 years were identified as having growth hormone
deficiency. Of tﬁese, nineteen ( fourteen boys and five girls ) had idiopathic
growth hormone deficiency, while in thirteen ( seven boys and six girls )
the growth hormone deficiency was due to cerekal tumours either sui
generis as in craniopharyngioma or idiopathic following operation and

postoperative cranial irradiation.

Assays of plasma somatostatin and amino acid concentrations were made
on each patient three times, firstly at the time of the withdrawal of
cadaveric growth hormone, again at the reintroduction of recombinant
* growth hormone nine months later and finally after one year's treatment

with the recombinant growth hormone.

The patiehts in the idiopathic group fell into two categories, mainly those
whose plasma somatostatin concentrations were either abnormaly high or
at a high normal concentration, and those in whom the plasma
somatostatin concentrations were normal. Those with normal plasma
somatostatin concentrations had a better catch-up growth than those

whose plasma somatostatin concentrations were high.

In those children with cerebral tumours the plasma somatostatin

concentrations were uniformly within normal limits irrespective of their

growth response to the recombinant growth hormone treatment.

All the children during the off-growth hormone period had reduced rate
of linear growth and plasma amino acid concentrations compared with

both the cadaveric and recombinant growth hormone periods. On the
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other hand the recovery in both linear growth velocity‘and plasma amino
acid concentrations was greatest in those children whose plasma

somatostatin was normal.

Thus normal growth hormone and low plasma concentration of
somatostatin are associated with a normal or high plasma amino acid

concentrations, a situation advantageous to the linear growth.

Since the interrelationship between growth hormone, somatostatin,
insulin like growth factors and linear growth are now clearly linked,
immunization against somatostatin (in those children with high
somatostatin concentration) or the concurrent administration of IGF-1

might be explored in the treatment of growth hormone deficiency.

It is concluded that firstly, the high plasma concentrations of somatostatin
militate against an optimum response to administered growth hormone
and the concurrent fall in plasma amino acid concentrations may be

contributary to a reduced osseous and muscle growth.

Secondly, that children who do not respond to growth hormone therapy as
expected should have their plasma somatostatin concentration assayed
before increasing the dosage of the expensive recombinant growth

hormone.

Thirdly, it may be that even in children with short stature whose growth
hormone status is normal, a high plasma somatostatin concentration is

contributing to the short stature.

It is proposed that assay of plasma somatostatin is mandatory in the

investigation of children with short stature.
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CHAPTER ONE
Introduction

Growth and especially its control is a complex and controversial
phenomenon. It represents a profound interaction between genetic,
hormonal and nutritional influences, and is the result of a multitude of
processes which are controlled by neural and humoral mechanisms.
Growth in effect is due to increase in total cell number (hyperplasia), in cell

size (hypertrophy) and in the amount of intracellular material.

In this introduction I will review in general terms the present under-
standing of these mechanisms before embarking on a detailed analysis of

the finer aspects of the subject relative to the work presented here.
Historical review

The earliest thoughts on there being a substance related to growth and its
assignment to the pituitary gland as its origin has a historical interest but
the real association of linear growth and the pituitary gland came as a
result of Crow and his colleagues (1) who removed the pituitary glands
from dogs and observed thereafter the failure of linear growth. The second
phase was the observation that pituitary extracts when injected
intraperitoneally into rats resulted in acceleration of their body growth (2).
It was a short step to the purification of the earlier crude extracts and credit
goes to Li and Evans (3 ) who isolated from bovine anterior pituitaries in a
highly purified form a growth promoting substance which was named
growth hormone. Unfortunately a human hypol;ituitary dwarf was given
this bovine growth hormone with disappointing results in terms of linear
growth and nitrogen retention (4).The explanation for this failure was later

found in the fact that human and bovine growth hormones differ from

25



each other in physicochemical nature (5, 6). Extracts from human pituitary
glands given to humans was found to stimulate linear growth(5). Thus

species specificity was established as far as growth hormone was concerned

(78 )+

The molecular structure of growth hormone has now been determined (9)
and its exact amino acid sequence shown to be 191 amino acid residues
containing two disulphide bridges between residues 53 and 165 and the
other between residues 182 and 189 (10). It is a globular protein with a
molecular weight of 22,000 (22K) (Figure 1.I). A smaller 20K variant is also
present in the circulation but is less predominant, and is identical to the
major form of hGH except for a deletion of a 15 amino acid segment,
residues 32-46 of hGH. Other components with molecular weights of 45K,
30K, 16K, 12K (11,12,13) are also present in the birculation. It may be that
some forms of short stature are due to the 20K variant or other less

bioactive forms of growth hormone.

In February 1985 a patient who had been receiving human growth
| hormone died with a clinical illness of progressive dementia and other
neurological features of Creutzfeld-Jacob syndrome (14). A second patient
was reported in April 1985, followed by yet a third report of the disease in a
24 year old man who had received growth hormone for life-long

hypopituitarism (15).

Since the introduction of human growth hormone as a treatment
approximately 2000 children in the United Kingdom and 10,000 children in
the United States of America have received this product. Therefore four
cases of Creutzfeldt-Jacob disease in 12,000 patients represents an

immensely elevated incidence over that in the general population. When
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Figure 1.1 Growth hormone structure
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the ’ﬁa’ge of the victims all under 35 years is also considered, it is impossible
not to suggest a causal link between growth hormone and Creutzfeldt-
Jacob disease. This condition is world wide and has a reported incidence of
one per million of the population per year. It affects the sexes equally, with
“the peak incidence of about 55 years of age, and is quite uncommon before
the age of 30 years. Although its exact mode of transmission is unknown,
it is thought to be transmitted via proteinaceous infectious particles or
prions (16). The transmitting agents have also been labelled “slow
viruses”but this could be a misnomer, for they contain no nucleic acids
and unlike conventional viruses prions are extraordiharily difficult to
inactivate, being resistant to formalin treatment, to 70 percent ethyl
alcohol, to radiation, heat and ultraviolet light. They are however
destroyed by 2N sodium hydroxide (15). Iatrogenic transmission of the
disease has followed corneal transplantation and has been acquired from
contaminated instruments used in neurosurgical procedures (17,18).
Interestingly the scare came at a time when the demand for growth
hormone was steadily exceeding supply and commercial (pharmaceutical)
companies such as Eli Lilly, Kabi Vitrum and Serono were pressing ahead
with research directed to producing a synthetic growth hormone by
recombinant DNA techniques. @ Human growth hormone was
immediately withdrawn as a treatment in Britain by May 1985, and
patients were therefore without treatment until the new product became

available in January 1986. This was methionyl growth hormone.

The principle of this technique is that the plasmid of the bacterial cell is
opened and the DNA-containing strand to be cloned is inserted into it.
This strand is derived from the human pituitary cell. The recombinant

plasmid is inserted into the bacteria (E-coli) which is now transformed to
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synthesize human growth hormone. Recent research has resulted in an
amino acid sequence identical to human growth hormone (19,20). Its use
in clinical practice shows that it has all the attributes of the former
cadaveric material but with remarkably few of the disadvantages of that

product.
Biological actions of growth hormone-

The actions of growth hormone ' are many and not all of them are known.
Some of the recognised actions are on fat, carbohydrate, and protein
metabolism. On fat it causes lipolysis and this was once thought to be due
to a lipid mobilizing peptide, a moi€ty of the growth hormone molecule.
The net effect is to raise the plasma lipid level and so facilitate the uptake

of free fatty acids by muscle as a source of energy (21).

On carbohydrate metabolism long term effects of growth hormone are to
raise plasma glucose concentrations through a combination of glucose
production and decreased utilization by limiting glucose transport within
the cells. This hyperglycaemic effect takes place after several hours leading
to a relatively insulin resistant state which produces hyperinsulinaemia if
the growth hormone concentration rem;ins high. The short-term
administration of growth hormone exerts an insulin-like effect which

results in a modest and transient degree of hypoglycaemia (22).

On protein metabolism the effects of growth hormone are better
understood by giving growth hormone to growth hormone deficient
patients. There is an induced nitrogen retention for protein synthesis.
This action is c-AMP-dependent. Intracellular transport of amino acids is
increased as well as mRNA (23) which leads to an increase in the organ

size and differentiation as well as increasing functional capacity.
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On mineral metabolism growth hormone leads to a large retention of
potassium and phosphate intracellularly. In growth hormone deficiency
states, growth hormone administration leads to increased concentrations
of phosphate. Retention of sodium is less than that of potassium. Serum
calcium concentrations are not increased, although there is an increased
urinary excretion of calcium, related to an increase in calcium absorption
(24). Sometimes during treatment a negative calcium balance may occur,
the aetiology of which is unknown. Table 1.1 summarises some of the

biological actions of growth hormone.

Important to this thesis is the action of growth hormone on skeletal
‘growth. In association with locally produced IGF-I (25) growth hormone
acts directly on the chondrocytes of the epiphyseal plate to cause
proliferation with the formation of palisades (26,27). These cells ossify to

be incorporated into the metaphysis of the bone, so lengthening it.

Pertinent to this work is also the role of growth hormone and IGF-I in
nutrition. For example, in kwashiorkor there are elevated concentrations
of growth hormone and depressed concentrations of IGF-I (28). The
increase in circulating growth hormone is due to increased production

rather than a .decrease in the rate of clearance.

In- patients with diabetic hyperglycaemia there is increased growth
hormone secretion, probably due to relative intracellular starvation
(glucopenia) due to the lack of insulin. Badly controlled diabetic children
are frequently short statured especially in association with hyper as well as
hypoglycaemia and clearly the interactions between cellular nutrition,
circulating blood sugar concentrations and growth hormone secretion

account for this observation.
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Table 1.1 Biological actions of growth hormone

Muscle

Decrease glucose uptake

Increase a.auptake
= protein synthesis

Increase linearbodymass

| T |
Adipose tissue
Decrease glucose uptake
Increaselipolysis
Decrease adiposity
Liver
Increase RN A synthesis

= Protein synthesis

= Gluconeogenesis

Somatomedins

bone, heart, lung, kidney...etc

chondrocytes

Increase a.auptake

= RNAsynthesis
DNA synthesis ‘

n

Increase protein synthesis =

= (Cell size and numbez

Increase organ size
Increase organ function

Protein synthesis

=  RNA synthesis

= DNA synthesis

=  Collagen

=  Condroitin syl phate

=  Cell size and number

Increase linear growth
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Growth hormone receptors

In its action growth hormone becomes attached to a specific membrane
receptor. This receptor consists of three components: an extracellular
portion which presumably binds growth hormone, a transmembrane
portion and a cytoplasmic portion. The receptor has a value of 130,000
Daltons and is heavily glycosylated. It is a unique protein without
similarity, and is highly specific for human growth hormone (29).
Undoubtedly this explains the earlier mention of lack of response when
bovine growth hormone was administered to a child with growth
hormone deficiency. Cells secrete growth hormone binding proteins into
the circulation. This circulating binding protein is similar to the receptor
protein and may also be the extruded extracellular portion of the
membrane receptor. In patients with Laron dwarfism there is a lack of this
circulating binding protein and this has led to the conclusion that they

may have a lack of the receptor for growth hormone (30,31).
Insulin-like growth factors

Two such are identified, namely IGF-I and IGF-II. It was formerly thought
that the liver was the main source of supply to the circulating plasma pool
as far as IGF-I is concerned. This is still correct but it is now recognized that
IGF-I is elaborated at the site of action of growth hormone where it
mediates growth hormone action (25) and at least locally produced IGF-I

has its local action before entering the circulating pool.

These IGF’s are secreted in response to the circulating levels of growth
hormone and circulate bound to high affinity proteins. IGF-I is more
growth hormone dependent than IGF-II. There are two receptors for the

IGF’s — one for IGF-I which binds it preferentially and is similar to the
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insulin receptor but binds also IGF-II and insulin although with less

affinity.

These IGF-I receptors are associated with the growth promoting actions of
growth hormone. The IGF-II receptors are structurally different; they bind
IGF-1I preferentially but also IGF-I with less affinity (32). IGE-II receptors

are associated with other somatic actions of growth hormone.

Interestingly, while growth hormone stimulates increased production of
IGF-], the IGF-I inhibits the secretion of growth hormone directly acting on
the pituitary and also indirectly through the stimulation of somatostatin
secretion in the hypothalamus forming a part in the regulation of growth

hormone secretion as will be seen later.
Growth hormone secretion throughout life

In fetal life growth hormone is detectable in the pituitary at the 5th to the
7th week of gestation (33), but its presence and accumulation is not
thought to be responsible for fetal growth. Fetal growth has been related to
nutritional circumstances mediated through insulin and the IGFs. At
birth the plasma concentration is greater than the corresponding maternal

level but it declines after the first 48 hours of life (34).

In childhood, the fasting growth hormone level is lower than that of the
newborn, but higher than the adult value. During the 24 hours of the day
there are spontaneous peaks of plasma growth hormone higher and more
frequent than in adults (35). Also tall children secrete more growth
hormone than small children; the rates of growth of the tall child and the
child with pituitary gigantism being similar but in pituitary giants
associated with massive amounts of growth hormone beyond that of the

normal tall child. The manner in which the growth hormone is secreted
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in the two instances is different. The tall child has short bursts of high
amplitude, while the child with pituitary gigantism has longer bursts of

lower amplitude (36).

In pubertal children the basal plasma growth hormone concentration is
not significantly different from that of adults but more peaks may occur
during the day with greater amplitude during the night than occur in
adults. The diurnal pattern of growth hormone secretion shows peaks
these being associated with food ingestion, exercise and REM sleep. This
fact is made use of when testing children for neurosecretory growth

hormone deficiency.
Control of Growth Hormone Secretion

Preformed growth hormone in the pituitary is released under the
influence of growth hormone releasing hormone. This substance is a
small peptide efaborated by nuclear aggregates in the hypothalamus. The
substance is delivered to the infundibular stalk via the long axons of these
cells. From the infundibulum the releasing hormone is taken up by the
long pituitary portal vessels and delivered to the eosinophil cells in the
anterior hypophysis, thus stimulating growth hormone release. Another
small peptide also elaborated in hypothalamic aggregates of cells and
reaching the pituitary by the same means is somatotrophin release-
inhibiting factor (SRIF). At the pituitary cell level SRIF damps down the
action of the releasing hormone, so smoothing the continuous growth

hormone secretion. SRIF is now termed somatostatin (37).

Growth hormone releasing hormone has been characterized and produced
by recombinant DNA techniques. It is now available for clinical use -

diagnostically at present and to a lesser extent therapeutically.
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Somatostatin not only inhibits growth hormone secretion stimulated by
GRF but under different temporal conditions, somatostatin may act in a
paradoxical positive manner to sensitize the pituitary growth hormone
response to GRF (38). This co-operative interaction may well be necessary
to optimize pulsatile growth hormone release. Linear growth in children
is recognized to be associated intimately with the pulsatile nature of

growth hormone release as already mentioned.
Growth hormone deficiency

The identification of children with growth hormone deficiency is now
according to nationally accepted tests. Children to be tested are identified
either because they are in stature less than the thifd centile (usually < 2.5
SDs) or because over a twelve month period they have a height velocity
below the 25th centile (46). Other systemic, genetic, chromosomal, osseous
and endocrine diseases are excluded as a cause of the short stature before

specifically testing for growth hormone reserve.
Causes of growth hormone deficiency

When considering this subject it is patently obvious from the foregoing
discussion that a failure to synthesize growth hormone will result in
growth hormone deficient short stature. Failure to synthesize the
hormone could be inherited as an autosomal dominant or recessive trait
(39), with pituitary aplasia or hypoplasia or destruction of the pituitary

gland during operative procedures such as removal of a prolactinoma.

Secondly the hypothalamic stimulus of growth hormone releasing
hormone may be absent and although the pituitary may contain adequate
growth hormone, none of it can be released. Herein is an interesting

observation. Induced hypoglycaemia acting at the hypothalamic level
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through gluco-privation may fail to stimulate the release of growth
hormone releasing hormone. Additionally hypoglycaemia also stimulates
the release of corticotrophin releasing hormone with a resultant rise in
ACTH and plasma cortisol. Thus during hypoglycaemia a rise in plasma
cortisol without a significant rise in growth hormone would indicate
deficiency of growth hormone releasing hormone. Other factors which
might destroy the nuclear aggregates prodﬁcing growth hormone releasing
hormone are, irradiation (the hypothalamus being more sensitive to the
effects of radiation than the pituitary) (40), tumours, infiltrations
(reticuloendotheliosis) and other causes. Table 1.2 shows the common

causes of growth hormone deficiency.

Somatostatin is well recognized as an inhibitor of growth hormone
secretion. Were somatostatinomata common in children, short stature
would be a likely accompaniment. But less gross increases in somatostatin
can inhibit growth hormone release and the degree of inhibition may
reduce plasma growth hormone concentrations. A secondary effect of
somatostatin is to reduce the concentrations of plasma amino acids and it

could be that a combination of these two facts could restrict growth.

A psychosocial aetiology for growth hormone deficiency is also recognized.
In these children depressed levels of stimulated growth hormone
normalize when the child is placed in an improved social circumstance.
The mechanism here is unclear, and there is no response to GH treatment;

the children restart growth by changing their environment (41).

Finally here it must be mentioned that other endocrine substances such as
glucocorticosteroids inhibit release of growth hormone; this is seen in

Cushing’s disease and Cushing’s syndrome (42). In terms of glucocorticoid

\35



Table 1.2 Common causes of growth hormone deficiency

1. Congenital,
Hereditary .  autosomal recessive
autosomal dominant
idiopathic GHRHD

Developmental defects

pituitary aplasia.

pituitary hypoplasia.

midline anomalies

2. Acquired. Tumours. hypothalamic

pituitary.

other intracranial
Irradiation
Infection. meningitis

encephalitis
Infiltration.  histiocytosis X
haemochromocytosis.
Injury . perinatal insult.
head injury.

3.Transient. peripubertal.
psychosocial.

primary hypothyroidism.
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therapy it is stated that replacement therapy should ideally not exceed 10-15
mg hydrocortisone per m2 per day. However it has been postulated that
glucocorticoids inhibit growth hormone secretion above the level of the
pituitary (43). In panhypopituitary: multiple replacement therapy is
required with growth hormone, ACTH or hydrocortisone, thyroxine and

possibly the gonadotropins.

It has been quoted that in a general population the incidence of
endogenous growth hormone deficiency may range from 1 in 3700
children to 1 in 30,000 (44-45). This disparity may reflect the variations in

diagnostic criteria used by different investigators.
Provocative tests for diagnosis of growth hormone deficiency

(a) Most simple is the post-prandial (3 to 4 hours after glucose ingestion: 1.4
g/kg) plasma growth.hormone concentration. Values above 15 mu/L are
norfnal.

(b) The post exercise test requires the patient to undertake vigorous
exercise for a period of 25-30 minutes. Concentrations of plasma growth
hormone reach upwards of 20 mu/L in more than 50 to 90 per cent of
normal children tested

(c) The sleep test. It is known that during REM sleep growth hormone is
secreted in high concentration. In 60 to 70 per cent of normal children
REM sleep concentrations exceed 20 mu/L (47-48).

(d) Arginine infusion test (0.5 g/kg; maximum dose 40 gm). The arginine
hydrochloride (10 per cent solution) is given intravenously at a constant
rate over 30 minutes. Blood is taken at 30 minute intervals over 2.5 hours.
In some 85 per cent of normal children, concentrations of plasma growth

hormone greater than 15 mu/L are achieved. (In growth hormone
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deficient children there is a risk of hypoglycaemia and blood glucose
concentrations should be monitored.) In a sense this is an important test to
this thesis, although it was not used to identify any of the children, the
subjects of this work. But certain amino acids may facilitafe the release of
growth hormone by suppressing somatostatin; this subject will be dealt
with later.

(e) Glucagon test. Glucagon (30-100 micrograms per Kg up to a maximum
of 1 mg) normally gives rise to a plasma concentrations of growth
hormone exceeding 15 mu/L after 120 minutes in 75 to 80 per cent of
healthy children. Concentrations less than 15 mu/L indicate deficiency of
growth hormone reserve (49).

(f) Clonidine Test. This alpha adrenergic receptor stimulant facilitates
.growth hormone release. When given orally (0.15 mg/m2) peak
concentrations of plasma growth hormone are noted between 90 and 120

minutes after ingestion (50).

(g) The Insulin Tolerance Test ( ITT ). This test is by far the most reliable
and it was the first test to be used. Historically it was referred to as the
insulin unresponsiveness test before growth hormone could be measured
in the plasma. Delayed recovery from hypoglycaemia till 2.5 hours post
injéction of insulin (I.V. 0.1 units per kg) indicated lack of growth
hormone reserve. Nowadays peak plasma concentrations of growth
hormone 30 minutes after the nadir of blood glucose are expected.
Absolute growth hormone deficiency is indicated by peak concentrations of
plasma growth hormone less than 7.0 mU/], concentrations from 7.0 to 15
mU/L are regarded as indicating partial growth hormone deficiency, while
normal concentrations are greater than 15.0 mU/I and they may reach 40-
50 mU/1. This test has become the backbone of investigation of grthh

hormone deficiency although somewhat modified in immediate
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prepubertal and pubertal children by the administration of testosterone
(im) or oestrogen (orally) to the respective sexes. This practice is referred to
as the priming procedure. The sex hormone is thought to make the
hypothalamus more sensitive to glucoprivation and the basis for the
practice is the well recognized fact that during normal puberty the growth
spurt is associated with both an increased plasma concentration of growth

hormone and of sex hormones.
Factors stimulating and inhibiting growth hormone secretion

It is well recognized that preformed growth hormone in the pituitary is
released under certain physiological, pharmacological and pathological

states. These have been well summarized in Table 1.3.

Additionally there are factors of similar type which inhibit the release of

growth hormone. These are classified as under Table 1.4
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Table 1.3 Factors stimulating growth hormone secretion.

Physiological

Pharmacological

Pathological

1. Spontaneous
2. Sleep
3. Stress : physical
- psychosocial
4. Exercise

5. Postprandial
hypoglycaemia

6. Fasting

1. Hypoglycaemia

2. Amino acids

3.Hormones: glucagon
oestrogen
ACTH

vasopressin

4. Monoamines: L-dopa
propranolol
epinephrine

serotonin

1. Acromegaly

2. Starvation

3. Protein deprivation
4. Anorexia nervosa

5. Renal failure
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Table 1.4 Factors inhibiting growth hormone secretion.

Physiological Pharmacological Pathological

1.Postprandial 1.Phentolamine 1.Acromegaly;

hyperglycaemia.

2.Elevated fatty acids. 2.Chlorpromazine L-dopa

3.Elevated GH levels. 3.Theophylline. phentolamine

4.Somatostatin. 4. Morphine. apomorphine
5.Depot-ACTH. somatostatin
6.Glucocorticoids. 2 .Hyperthyroidism

3.Hypothyroidism.
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Somatostatin

Historical Aspects

While searching for a hypothalamic factor capable of releasing growth
hormone from the anterior pituitary a substance which inhibited growth
hormone release from rat anterior pituitary was unexpectedly detected (51).
This finding led these workers to suggest that the secretion of growth
hormone from the pituitary was regulated by two different interacting
neurohumoral factors, one stimulatory and the other inhibitory and both
under the control of the nervous system. Later on this substance was
isolated and characterized from ovine hypothalami (52), it was found to be
a tetradecapéptide with 14 amino acid residues, cyclic in structure and
joined by two intramolecular disulphide bonds between the two cysteine

residues at position 3 and 14 (Figure 1.2).

Subsequently, the tetradecapeptide was isolated from porcine hypothalami
and characterized (53). It was isolated from the pancreas of anglerfish (54)
and it was found also in rat pancreas(55). Indeed it has been isolated from
human adrenal medulla and pheochromocytoma, this being the first
occasion when non-physiological tissue was analysed (56). Following these
very basic discoveries and the synthesis of somatostatin in quantity, many
researchers have administered the peptide to both animals and humans to

study its biological activities and its precise mode of action.

Somatostatin was at first referred to as growth hormone release-inhibiting
factor (GH-RIF) or somatotrophin release inhibiting factor (SRIF). Now all
these names seem inappropriate since somatostatin has been isolated from

cells unrelated to growth hormone regulation as we shall shortly consider.

However its early isolation from animal hypothalami and more precisely
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from cell aggregates located mainly in the median eminence,
periventricular and medial preoptic areas of the anterior hypothalamus

justifies the original name (57,58,59).

Distribution of somatostatin

Reliable methods for detection and quantitation of somatostatin are now
widely in use. By immunocytochemistry somatostatin can be localized in
tissues, but only if the somatostatin is immunoreactive. Radioligands
specific for somatostatin receptors (using SS-14 analogues, SS-28 analogues
or analogues of the stable octapeptide SMS 201-995) has facilitated
somatostatin detection in post-mortem material either by binding
techniques or by visual detection with autoradiography. Somatostatin in
biological fluids and extracts may not only be detected but quantified by
radioimmunosassay. Somatostatin immunoreactivity has now been
detected in the central nervous system, in the gastrointestinal tract, in the
genitourinary system, heart, eye, thyroid, thymus, skin and in some
neuroendocrine tumours (60,61,62,63). More detailed comment will be
made on some of these findings as seems appropriate to this work. But
before doing so it is of interest to note that somatostatin cells display
characteristic morphological features such as cytoplasmic elongations
suggesting a local or paracrine role. The cells are round in shape, have a

flocculent matrix and closely opposing limiting membranes.

In Brain Tissue

Somatostatin is present in the hypothalamus, the cerebral cortex, and the
hippocampus. Earlier reference has been made to such specific sites as the
median eminence, periventricular and preoptic areas. It is present in cells

which are part of intrinsic local circuits but also in long axons of other cells
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which suggest a projection activity to other areas from where the cells are
located. Recently it has been shown that somatostatin is consistently and
selectively depleted in the cerebral cortex of patients with Alzheimer’s
disease but localized in the characteristic birefringent plaques and
neurofibrillary tangles so typical of this disease (64&65). This is of extreme
interest for Alzheimer’s disease is a degenerative disease with the clinical
picture of deteriorating memory, reason, judgement and will, and is seen
most often in the elderly. Presumably post-mortem examination of the
cases of Creutzfeldt-Jacob disease ‘due’ to growth hormone administration
did not reveal plaque formation in the brain. Also the ataxic features of
the Creutzfeld-Jacob disease are not features of Alzheimer’s disease.
Nonetheless while the long tract pathologies of the two conditions may be
different, the dominating features are similar and these are related to
cortical function particularly of the anterior lobes. It is in the cortex that
most somatostatin immunoreactivity has been detected. The question
now is whether or not the early preparations of human cadaveric growth
hormone recognized as being significantly contaminated with other
hormones like TSH, LH and FSH also contained pituitary somatostatin.
This somatostatin could have acted antigenically in the recipients to form
antibodies to the cortical cells elaborating somatostatin. It is known that
there are somatostatin receptors on the thyrotrophs and lactotrophs of the
pituitary (66,67). There are some ampoules of the early UK human growth
hormone still in the laboratories of the Department of Child Health and it
would be of extreme interest to re-analyse that material with somatostatin
content in mind for it may be a more plausible theory than the prions of
Creutzfeld-Jacob could be. In Huntington’s Chorea there is an increase of

somatostatin in the caudate nucleus which is not of local production but
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rather delivered by long fibres from elsewhere to the nucleus. The

significance of this is as yet uncertain (68).

In the human fetus, somatostatin has been found in the hypothalamus as
early as 16 weeks gestation (69). This is not surprising for until then is the
period of cell differentiation and organogenesis. But noxa which inhibit
organogenesis could readily inhibit the cerebral cortical and hypothalamic
acquisition of somatostatin synthesis and thus may give rise to as yet
undetermined cerebral malfunctioning. Somatostatin immunostaining
cells and fibres are found throughout the spinal cord. This system appears
prenatally. Activity is greatest in the posterior horns and columns and is

related to cells rather than fibres (70).
In Gastrointestinal Tissue

Immunoreactive somatostatin can be extracted from all layers of the
gastrointestinal tract. Mucosal somatostatin is somatostatin-28, while
somatostatin-14 is of nonmucosal neural origin (71). ie. the somatostatin
from mucosal endocrine cells and from enteric innervation. In the
pancreas it is of D-cell origin. Somatostatin containing cells are found
along the entire length of the gut and in particular at the gastric fundus
and antrum and in the colon. The somatostatin endocrine cells have an
apical pole which reaches the lumen and a basal cytoplasmic elongation to
which a paracrine role is attributed. This elongation lies near to non-
endocrine cells such as the parietal cells of the fundus or to other
endocrine cells such as gastrin-containing cells. Somatostatin is known to

suppress the release of gastrin and gastric acid secretion (72).

Somatostatin-containing cells are found by the eighth fetal week in the

small intestines and stomach (69). In the fetal and neonatal pancreas the
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D-cells constitute up to 25 per cent of the total islet population. In neonates
with nesidioblastosis(73) the population shows marked depletion even
lower than in the developed pancreas when it is reduced to around 10 per

cent.
In the genitourinary system

Somatostatin has been detected both by radioimmunoassay and by
immunocytochemistry in animals and man. In the human male genital
tract a few somatostatin immunoreactive nerve fibres have beén found in
the interstitial tissue and amongst the smooth muscles of the prostate
gland and in the muscular coat of the vas deferens. Interestingly, the
highest concentrations of somatostatin have been found in the younger
subjects (rats) of 1.5 and 3 months of age and this concurs with findings in

humans (60, 74)
In thyroid and thymus

Somatostatin co-exists with calcitonin in the parafollicular C-cells of the
thyroid and as scattered cells in the thymus. It has been found that the
number of somatostatin cells decreases with age (75-76). Is this a possible
factor in the higher occurrence of thyrotoxicosis in adults than in children?
Somatostatin is known to (a) reduce the synthesis and release of T3 and T4
stimulated by TSH (77); (b) to inhibit the nocturnal spike of TSH (78); and
(c) to block the TRH-stimulated TSH secretion (79). Relatively high
juvenile and adolescent thyroid levels of somatostatin may therefore act as
a protective mechanism against over-stimulation with TSH. It would be
extremely interesting to study cases of paediatric thyrotoxicosis at least
some benefit may be obtained from the administration of synthetic

D
somatostatin. Its role in the thymus is less clear.
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In other tissues

There is a vast literature on the total body occurrence of somatostatin,
much of it irrelevant to this present work. Suffice it to say that it is found
in heart, eye, placenta, and skin. Its presence in the latter suggests a
sensory role and this fits well with the already mentioned presence of
somatostatin in the dorsal spinal ganglia. Its presence in some tumour
tissue is of interest. In pituitary tumours causing acromegaly some contain
high density somatostatin receptors while others have only low amounts
of non-homogeneously distributed somatostatin receptors (80-81). This
correlates well with clinical experience in that some cases of acromegaly
respond to administered somatostatin while others do not. While
acromegaly is not a paediatric illness, pituitary gigantism is and this
information opens up a possible line of treatment for these children.
However such an exercise would require somatostatin monitoring before
and during treatment to determine the effective plasma concentration of

somatostatin in relation to growth restriction.

A further point of developing interest is the fact that when the
somatostatin analogue (sandostatin) is administered to acromegalic
patients, the IGF-I plasma concentration is reduced as is also the plasma

level of growth hormone (82,83).

Mechanism of Action

The action of somatostatin at the various sites of occurrence is uniformly
that of inhibition. The detail of its action on pituitary derived cells has
been most studied and it is likely that a similar mechanism may apply in
all tissues. Somatostatin binds to a specific membrane receptor and

inhibits adenyl cyclase activity. This it does through coupling with an Nj
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unit which has an opposing effect to growth hormone releasing hormone

which itself stimulates adenyl cyclase by coupling to an Ng unit.

Somatostatin also has effects independent of its action on cAMP. These
effects cause a fall in intracellular calcium. This fall reduces growth
hormone secretion probably via increasing permeability to potassium,

resulting in membrane hyperpolarization (84). -
Physiological action of somatostatin on various tissues

Some of the tissues affected have been mentioned above but a fuller list of
tissues involved and the net effects of somatostatin is given in Table 1.5
At this point it is pertinent to say something on the structure of the
various somatostatins. Most work has been done on somatostatin-14 and
hence more is known of the action of this compound. Chemically it is a

sequence of fourteen amino acids as has been seen in Figure 1.2.

Somatostatin-28 is somatostatin-14 N-terminally extended (Fig 1.3) (85).
There are two other species of 25 and 20 amino acids each containing the
same COOH terminal 14-amino acid sequence (86). These derive from a
116 amino acid precursor (87). Most if not all the physiological activity of
all the somatostatins resides in this COOH terminal 14-amino acid
sequence i.e. somatostatin-14. Within the molecule it has been found that |
only the amino acid sequence at positions 7, 8 and 9 are absolutely
necessary for physiological activity, while modifications at positions 6 and
11 markedly decrease the biological activity. Changes at position 1-5 and
12-14 do not affect physiological activity (88). Interestingly, substitution of
the D: isomer at position 8 for the L-trp increases the potency of the
somatostatin. This increased potency could be due to increased resistance

to proteolytics. Also, substitution of Phe instead of Lys in the non-essential
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Table 1.5 Inhibitory actions of somatostatin

Tissue

Response

1..Anterior pituitary

Secretion of GH, TSH and occasionally PRL

and ACTH.

2. Pancreas.(islets)

Secretion of insulin, glucagon and pancreatic

polypeptide

3. Pancreas exocrine
(exocrine)

Secretion of water, bicarbonate and enzymes.

4. Stomach.

Acid and pepsin secretion and gastric emptying.

5. Intestine.

Secretion of fluid and bicarbonate, absorption of

calcium,glucose, fructose, glycerol, xylose, lactose ,
triglycerides, amino acids and mesenteric blood

flow.

6. Gall bladder.

Bile flow.

7. Kidney.

Renin secretion, aldosterone response to

angiotensin IL

8. Parathyroid.

Parathyroid hormone secretion.

9. Salivary gland.

Salivary flow.

9. Platelets.

Aggregation

10. Thyroid

Calcitonin secretion.

11. Miscellaneous

Splanchnic blood flow,
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position 4 of somatostatin increases its selectivity for inhibiting growth
hormone release (89). Deletion of Asn at position 5 increases the relative

insulin selectivity (90).

The configuration of active somatostatin-14 is like a hairpin, with the
position held by the disulphide bridge bétween the cysteine at positions 3
and 14, with a twin occuring around the tryptophan and lysine at position
8 and 9. If by reduction the bridge is disrupted, the molecule assumes a
linear position and is physiologically inactive. Many attempts have been
made to find a synthetic analogue which would combine increased potency
with specificity; workers in the Sandoz Swiss Laboratories in Basle by trial

and error have synthesized an octapeptide (91):
D-Phe-Cys—Phe-D-Trp-Lys-Thr —Cys-Thr-ol

This compound has been found to be twice or thrice as active in inhibiting
growth hormone secretion by GRF-stimulated pituitary (rat) cells in
culture. Its increased potency is due to its biological half-life of about 2
hours compared with the natural hormone of 2 minutes (92). This
product, known as Sandostatin, is in clinical use for the management of
acrorﬁégaly, thyrotoxicosis and other conditions, as will be seen later.
Interestingly, several other somatostatin analogues have been shown
during their experimental trials to have different potency and selectivity

(93) as shown in Table 1. .
On gastrointestinal system

The greatest contribution of somatostatin to the plasma pool is from the -
gut and related tissues. Somatostatin immunoreactivity is present from

the oesophagus to the colon. In the stomach, the antral area (D-cells) has
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Table 1.6 Relative potencies of specific somatostatin analogues.

Peptide GH Insulin | Glucagon
(in vitro) | (in vivo) | (in vivo)

SRIF 100 100 100
DesAsn5-(D-Trp81 D-Ser13)- 13 1,750 <1
(D-Trp8, D-Cys14)- 650 130 1,000
(D-Lys%)- 22 <1 <1
DesAsn19(D-Trp22 , D-Ser27)- <5 14,500 <100
5528
SMS 201-995 300 300 2,300
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high somatostatin-like immunoreactivity, followed by the upper small
intestines and the D-cells of the pancreatic islets. It inhibits endocrine and
exocrine secretion, gut mobility, blood flow, absorption, and the growth of
the gastrointestinal mucosa(Table 1.5). My interest here firstly is concerned

with its relationship to protein and the absorption of amino acids.

It is recognized that the ingestion of food stimulates the secretion of
somatostatin into the blood. Fats and protein are potent stimuli of
somatostatin release, while carbohydrate is rather a poor stimulus (94).
Nonetheless, despite these differences, somatostatin inhibits the
absorption of glucose, xylose and amino acids(95). Thus, in patients with
high plasma somatostatin concentrations, caution must be exercised ‘when
interpreting the significance of the results of glucose and xylose absorption
tests during the investigation of short statured patients: In these same
patients some of whom may have low plasma growth hormone
concentrations either because of an absolute growth hormone ‘Eleficiency
state, or because of neurosecretory growth hormone failure, low plasma
amino acid levels are likely, for one of the actions of growth hormone is to
increase the nitrogen retention. It follows then that in some children with
growth hormone deficiency and high concentrations of plasma
somatostatin, the combined effect will be undoubted low plasma amino

acid concentrations. This will be explored in this work.

My second interest is in the action of somatostatin in inhibiting gastric
emptying, gall bladder contraction and slowing of small intestinal transit
time. It is the experience of many clinical endocrinologists that short
statured children with and without growth hormone deficiency have
extremely poor appetite. Could thérefore high somatostatin plasma

concentrations by this acting slow down the total process of eating,
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digestion, absorption and defecation to such a degree that appetite is

significantly impaired?

Pancreatic tryptic activity is induced by food ingestion. This effect can be
reduced by the administration of somatostatin. Indeed, it has been shown
(96) that somatostatin administered reduces the cholecystokinin-
pancreozymin induced trypsin, chymotrypsin and amylase. But also
cholecystokinin-pancreozymin secretion itself is inhibited by somatostatin.
Hence with reduced secretion of trypsin and chymotrypsin it is likely that
protein digestion and free amino acid absorption are reduced by high
concentrations of plasma somatostatin. This induced incomplete digestion
of protein may however lead to an absorption of peptides rather than free

amino acids.

Finally here, the well recognized high plasma levels of somatostatin found
in younger children (74) may well be a built-in protective measure against
overfeeding and gastrointestinal shock from excessive bolus in the upper

small bowel.
Action on TSH secretion

Interestingly growth hormone and TSH secretion are both stimulated by
separate releasing hormones, but the secretion of bot