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SUMMARY

Daily variations in plasma (PcAMP), urine (UcAMP),
nephrogenous cAMP (NcAMP) and hormones known to affect cAMP
metabolism were studied. Circadian variations in PTH (1-
84) and NcAMP were observed. Both increased significantly
overnight and early morning. PcAMP and glucagon decreased
overnight and following meals. PcAMP had greater
fluctuations over 24h than glucagon indicating several
hormones have transient effects on PcAMP production.

A 7h shift of the sleep-wake cycle moved sleep-associated
prolactin secretion but caused minimal alteration in PTH
(1-84). NcAMP secretion overnight decreased, suggesting
PTH (1-84) end organ responses may be modified by other
hormones and effectors when sleep is disturbed. PcAMP
decreased overnight reaching a nadir corresponding to the
lowest glucagon concentration. PcAMP fluctuations were
greater when compared to normal 24h profiles.

Following a 96h fast serum phosphate, PTH (1-84) and NcAMP
circadian rhythms were attenuated. Mean serum calcium and
NcAMP production were significantly decreased. Fasting
increased variability in PTH (1-84) secretion which may be
an important signalling mechanism inducing bone resorption.
Serum phosphate fluctuations may play an important role in
the genesis of PTH (1-84) and NcAMP circadian rhythms.
Mean glucagon concentration was increased with attenuation
of the circadian rhythm and mean PcAMP concentration
increased. Dissociation of bone and kidney effects of PTH

(1-84) in fasting may be due to acute acidosis.
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In 1°HPT the concerted overnight increase in PTH (1-84) and
NcAMP was absent. Parathyroid adenoma resection restored
phosphate, PTH (1-84) and NcAMP circadian rhythms. The
phosphate increase may stimulate PTH (1-84) secretion which
then influences the phosphate rhythm. Mean PcAMP was
increased in 1°HPT but 24h PcAMP profiles differed little

pre and post surgery.

24h studies indicate control of the circadian rhythms of
PTH (1-84), NcAMP and PcAMP is complex. Several hormones
act in concert to regulate cAMP generation and end organ

responses.

Thyrotoxic patients had mean PTH (1-84) and NcAMP lower
than normals, hypothyroid and treated hypothyroid patients.
Increased serum calcium decreases PTH (1-84) and
subsequently NcAMP in thyrotoxicosis. In hypothyroid
patients PTH (1-84) and NcAMP are dissociated with mean PTH
(1-84) increased compared to thyrotoxic patients but NcAMP

remained similar to euthyroid subjects indicating

resistance to PTH (1-84). Thyroxine treated patients have
mean PTH (1-84) concentrations lower than euthyroid
controls with a relatively increased NcAMP. PcAMP is

increased in thyrotoxic and thyroxine treated patients and

decreased in hypothyroid patients.

Synacthen increased PcAMP with the pattern similar to the

cortisol profile. This was either due to simultaneous
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release of cAMP and cortisol following adrenal stimulation
or was a direct effect of cortisol. Dexamethasone
decreased NcAMP and UcAMP with a variable effect on PcAMP.
Variability in the PcAMP response is probably due to
combined effects of dexamethasone and cortisol whereas
decreased UcAMP and NcAMP production may represent altered
kidney cell sensitivity to PTH (1-84) caused by decreased

cortisol.

In 1°HPT patients a significant correlation between PTH (1-
84) and NcAMP exists (r=0.66, p<0.001). A subgroup of
1°HPT patients have NcAMP inappropriately high for the
measured PTH (1-84). Two patients had increased PTHrP but
in the majority PTHrP was low and the discrepancy was
unexplained. In three patients PcAMP concentration was
lower than expected. Twelve 1°HPT patients, divided
equally, received atenolol or placebo and were studied
prospectively for 6 months. No significant effect of

atenolol on any parameter was observed.

In patients with Paget’s disease treated with
bisphosphonate (APD) calcium decreased, PTH (1-84) and
NcAMP increased significantly. Patients with HCM prior to
therapy with APD had a suppressed or low PTH (1-84). A
high percentage had elevated NcAMP indicating the presence
of a circulating humoral factor, probably PTHrP, causing
hypercalcaemia. APD therapy in HCM patients resulted in a

significant reduction in serum calcium. No patient
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developed significant hypocalcaemia. PTH (1-84) secretion
was stimulated as serum calcium decreased and PTH (1-84)
was detectable or elevated whilst some patients remained
hypercalcaemic. The absolute concentration rather than
rate of decrease of serum calcium was more important in
regulating PTH (1-84) secretion. NcAMP correlated poorly
with PTH (1-84) in treated HCM patients. An increase then
decrease in NcAMP was observed associated with a decrease
then increase in TmPO, indicating PTHrP may increase

transiently following APD therapy.

PTHrP measurement confirmed the hormone’s role in the
aetiology of HCM and a strong correlation of PTHrP with
NcAMP. In HCM patients with breast, lung and kidney
malignancy PTHrP secretion commonly results in elevated
NcAMP. Patients with HCM and haematological,
gastrointestinal and ear-nose-throat malignancies have low
circulating PTHrP and normal or low NcAMP. Sqgquamous cell
carcinomas commonly secrete PTHrP. 78% of normals had
detectable PTHrP which may reflect sample collection into
protease inhibitor tubes, age distribution of the normal
population, assay sensitivity and properties of the assay
antibodies. Alternatively the assay may be subject to non-
specific binding effects or matrix effects. A subgroup of
patients was detected with low PTHrP and low PTH (1-84)
with inappropriate or elevated NcAMP. These patients may

be producing a factor which stimulates NcAMP production.

This factor(s) may be a fragment of PTHrP or PTH not
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recognised by the IRMAs or may be a new molecule causing

hypercalcaemia mediated via cAMP.

Superfusion of rat renal tubules was used to study cAMP

production 1in response to PTH stimulation. Optimal
conditions producing a consistent, reproducible cAMP
response were identified. Tubules were equilibrated on

columns for 90 min, prior to stimulation with 2.5 units
bovine PTH (1-84) at 10 min intervals. A significant
decrease in cAMP production in response to PTH was observed
when tubules were perfused with buffer acidic (pH 7.1)
relative to normal physiological pH (pH 7.4). Perfusion
with buffer relatively alkalotic (pH 7.65) had no
significant effect on PTH stimulated cAMP production. 7mM
arginine hydrochloride in the perfusate significantly
decreased cAMP production. Supeffusion of rat renal
tubules was a reliable, reproducible method for studying

the action of PTH.
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Chapter 1

Introduction and Literature Review
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1.1 Cellular Control of Cyclic Adenosine 3’,5”’

Monophogsphate Production: Historical Perspective to

Current Belief

Cyclic adenosine 3’,5’ monophosphate (cyclic AMP, cAMP) was

first identified in biological systems by Sutherland and

Rall (1958) (1) whilst studying hormone dependent
glycogenolysis in liver cells. Sutherland and co-workers
(1962) (2) subsequently discovered the enzyme responsible

for the formation of cAMP from adenosine triphosphate
(ATP), adenylate cyclase (EC. 4.6.1.1) and proposed the
concept that extracellular hormones were "first messengers"
and cAMP was a "second messenger" in the information
transfer process of some endocrine pathways. This "second
messenger" was generated intracellularly and mediated the
effects of hormones, which did not themselves enter the

cell, by activation of intracellular protein kinases (3,4).

The specificity of the response resides firstly in the
presence of a particular hormone receptor on the cell
surface and secondly on the presence of a specific protein

kinase substrate, usually an enzyme, within the cell (5).

Cell surface receptors are coupled to the adenylate cyclase
catalytic component through two classes of guanine-
nucleotide binding proteins (G proteins). Gs stimulates
adenylate cyclase in response to PTH, TSH, gonadotrophins,
ACTH, GHRH, f-adrenergic agonists and many other hormones

or neurotransmitters (Table 1). Gi mediates inhibition of
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adenylate cyclase in response to «a-adrenergic agonists,
muscarinic agonists, somatostatin and opiate or opiate like
molecules (Table 1). The G proteins are heterotrimers,
consisting of an a-subunit and a tightly coupled By-dimer.
A model for G-protein action has been developed which
revolves around the unique functional characteristics of
each G-protein. Binding of an agonist to a stimulatory
receptor facilitates the exchange of guanine triphosphate
(GTP) for guanine diphosphate (GDP) in the guanine-
nucleotide-binding site of Gsa. This results in the
release of Gsa from the receptor and its dissociation into
free Gso-GTP and free By-dimer. Free Gsa-GTP stimulates
adenylate cyclase activity and thereby increases the
synthesis of the intracellular second-messenger cAMP.
Hydrolysis of GTP to GDP by the intrinsic GTPase of Gsa
enables reassociation of Gsa-GDP with the By-dimer, thus
restoring Gs to its inactive state. Gs can now re-
associate with the receptor and participate in another
cycle. GTPase activity functions as a molecular switch
which regulates the duration of adenylate cyclase activity
resulting from the formation of the Gsa-GTP complex. After
a preset time, determined by the kinetics of the GTPase
activity, Gsa is turned off by the hydrolysis of GTP to
GDP. This summary of the current theory of G-protein
function is the summation of many years of postulation and

investigation (6,7,8,9,10,11,12,13).
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G Protein

Table 1

Adenylate Cyclase

Stimulatory

Gs
ACTH
A,-Adenosine
B-Adrenergic
Calcitonin
CRH
D,-Dopamine
FSH
GHRH
Glucagon
H,-Histamine
LH
MSH
Prostacyclin
PTH
Secretin
S,-Serotonin
TSH

VIP

Adenylate Cyclase

Inhibitory

Gi
A, -Adenosine
a,-Adrenergic
D,-Dopamine
Enkephalin (M, K, E)
Muscarinic (M,M,)

Somatostatin

Receptors coupled to adenylate cyclase mediated

through G proteins




The catalytic activity of adenylate cyclase is influenced
in intact cells, via the G-proteins, by hormones and
antibodies (14,15). Broken cell preparations have also
been used to study adenylate cyclase activity and several
activators and effectors have been identified. Such
studies of adenylate cyclase activity only partially
reflect the properties of the enzyme observed from studies
of intact cells. Only ATP and magnesium (Mg®**) are required
for the expression of basal enzyme activity (16). A
divalent cation is essential for activity and under normal
circumstances this is Mg** (17,18,19,20). Monovalent
cations have minimal effects on activity with the exception
of Lithium (Li*) which can inhibit adenylate cyclase
activity (21,22,23). Sodium fluoride (NaF) stimulates
activity (2,24) although this is not observed to any extent
in whole cell preparations (25). Forskolin significantly
stimulates adenylate cyclase activity by interacting with
the catalytic subunit at the internal face of the cell
membrane structure. Forskolin activation of adenylate
cyclase has been shown to occur in a significant number of
endocrine cell types and is a standard means of

investigating cAMP dependent pathways (26).

Phosphodiesterase (EC. 3.1.4.17) present in most tissues,
rapidly hydrolyses cAMP to an inactive metabolite adenosine
5’ monophosphate (5’AMP) and phosphoprotein phosphatases
inactivate protein substrates by dephosphorylation thus

ensuring the transient nature of the cAMP signal within the
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cell. Phosphodiesterase (PDE) enzymes are found in both
the cytosol and membrane fractions of the cell and are
usually classified in terms of their differing affinities
for the hydrolysis of cAMP (27,28,29). The Km for PDEI to
cAMP is in the range of 10 M, whereas PDEII, which is
thought to be predominantly membrane bound, has a Km value
of 10° M (25). These enzymes are also Mg?** dependent and
can be inhibited by divalent cation binders such as
ethylene-diamine-tetracetic acid (EDTA) and ethylene-
glycol-tetracetic acid (EGTA) (30) . Methylxanthine-
derivatives are a group of important inhibitors of PDE
activity and this property is seen medically and socially
following the ingestion of theophylline and caffeine
respectively. A very potent methylxanthine-derivative is
isobuthylmethyl-xanthine (IBMX) which is widely used as a
PDE-inhibitor under experimental conditions especially when
studying cellular responses to hormones in-vitro. IBMX is
particularly useful because unlike several other
methylxanthines it has very little inhibitory activity on
adenylate cyclase. Intracellular calcium and calmodulin
are known to activate PDE (31,32,33) and there is some
evidence that they can also activate adenylate cyclase (34)
which suggests that co-ordinate regulation of CcAMP

production can occur through these two effectors.

Once cAMP is generated it exerts its regulatory effects
through activation of intracellular protein kinase enzymes

(3,4). These in turn phosphorylate a number of
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intracellular substrates and the specificity of the cAMP
signal depends on the substrate availability within the
cell (5). The phosphorylation may result in activation of
an enzyme important in a metabolic pathway and may also
inhibit another enzyme which would have opposite metabolic
effects, eg glycogen phosphorylase and glycogen synthase in
liver cells. Termination of such signals is accomplished
by dephosphorylation of proteins by phosphoprotein-
phosphatase (4,35,36,37). This enzyme is itself regulated
by c¢AMP as has Dbeen shown in skeletal muscle where
activation of cAMP-dependent protein kinase phosphorylates
a phosphatase inhibitory protein (37). This protein binds
to and temporarily inhibits the activity of the
phosphoprotein phosphatase which otherwise would
immediately dephosphorylate and reverse the phosphorylation
reactions stimulated by cAMP. There is thus a cycle of
phosphorylation/dephosphorylation which appears to be a
widespread intracellular regulatory system and ensures

exquisite control over the cAMP signal.

An ever increasing number of hormones have been shown to
use cAMP as their "second messenger" (Table 1). The
majority of these hormones exert a net catabolic effect on
their target tissues. Other characteristics are that they
activate cells very rapidly, within seconds or minutes,
with a dose-response relationship and have been termed
immediate hormones in contrast to permissive hormones whose

cellular effects are only fully expressed about one hour or
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more after the hormones reach their target cells (38). The
amount of cAMP generated within a target cell is a
reflection of hormone receptor interaction and is dependent
on the concentration of hormone present in the
extracellular fluid and the number of cell surface
receptors. Steady state concentrations of cAMP give
minimal information about hormone action but serial
measurement after hormonal stimulation can give important
information on the initial steps of hormone action. Early
studies measuring cAMP in isolated cells, cell membranes or
extracellular fluids resulted in valuable information on
the control of cAMP production, action, release and pointed
the way to the clinical usefulness of cAMP measurements.

Although many hormones act via an increase in intracellular
CAMP a certain basal formation of cAMP occurs in most cell
systems, independent of the level of immediate hormones in
the local environment. Alteration of this basal formation
of cAMP can be observed in growth phases (decrease) and
when contact inhibition of cell growth occurs (increase)
(39) . These observations highlight the fact that under
such in-vitro conditions all synthesis of cAMP is not

necessarily mediated through hormonal stimulation.

The concentration of cAMP in the intracellular fluid is far
greater than that in the extracellular fluid (40). The
efflux of cAMP from some cells 1s enhanced by hormone
receptor interaction. In 1971 Exton et al (40) were the

first to demonstrate in the isolated perfused liver that
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glucagon was required in the perfusate for the release of
cAMP 1into the effluent. Increasing concentrations of
glucagon resulted in a dose dependent increase in cAMP and
glucose production with the extracellular cAMP rising
before measurable elevations of intracellular cAMP. This
led to the theory of two pools of cAMP with one tightly
bound and inactive, the other being freely diffusible and
open to hormonal regulation (40). Changes in the
extracellular concentration of cAMP are therefore deemed to
reflect the net effects of hormonal stimulation on tissue

cAMP production.

1.2 Physiology and Early Clinical Studies

In clinical practice the extracellular fluids that are most
readily available are plasma and urine. The relatively
high concentration of cAMP in urine and the ease with which
individual or serial specimens can be obtained has made
urine a useful fluid for clinical studies. Measurement of
cAMP in human urine was first made by Butcher and
Sutherland (1962) (41) and early work confirmed that under
basal conditions cAMP was present in urine at micromolar
concentrations (42,43,44). Physiological studies in the
late 1960s and 1970s, largely pioneered by Broadus and his
colleagues, demonstrated that the mechanism of renal plasma
clearance of cAMP was glomerular filtration but that de
novo production of c¢cAMP also occurred in the kidney.
Detailed studies with radiocactive c¢AMP tracers (45)

established the basis for the currently accepted mechanism
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of total urinary cAMP (UcAMP) production (46) which is
summarised in Figure 1. The total amount of cAMP excreted
in the urine is the sum of that derived from two sources:
a) the nucleotide filtered at the glomerulus and b) the
nucleotide produced by the renal tubule. The term
nephrogenous cAMP (NcAMP) was introduced to describe the
latter component. Under basal conditions each component
accounts for approximately 50% of the total quantity of
cAMP excreted in the urine of normal individuals. Thus
factors which affect both the plasma concentration and the
renal production of cAMP can contribute to UcAMP and renal
function will also influence plasma cAMP (PcAMP) and UcAMP

concentrations.

In normal subjects wvirtually every cell in the body
contributes to the PcAMP concentration with no single
tissue known to be of particular importance at rest. A
variety of tissues contribute to metabolism of PcAMP and
only one-fifth of the metabolic clearance of PcAMP is
accounted for by excretion in the urine (47). Cyclic AMP
distributes into a space several fold larger than the
extracellular volume and turns over rapidly, with a half
life of approximately 25 min and a metabolic clearance rate
of about 650 ml/min. It is recognised that physiological
variations in PcAMP may not be reflected in total UcAMP but
pharmacological doses of certain hormones and hormonal
concentrations in disease states can increase PcAMP with a

resultant increase in total UcAMP.
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TISSUE Extracellular Cyclic AMP
SOURCES
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Cyclic AMP
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Nephrogenous
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OUTPUT Cyclic AMP

Figure 1 The production of urinary cAMP



The hormones that have the greatest effects on PcAMP in
pharmacological doses are adrenaline (48,49,50), glucagon
(49,51,52,53), parathyroid hormone (PTH) (43,54,55) and
calcitonin (49,56,57). The increases in UcAMP were
significant but relatively small in comparison to the rise
in PcAMP following calcitonin, glucagon and adrenaline but
a pronounced increase in UcAMP was observed following PTH

administration.

Studies using renal cortical preparations demonstrated that
PTH can stimulate the release of cAMP from renal cortical
tissue (58). The absence of an increase in PcAMP after PTH
administration in anephric patients (54) confirmed the
kidney as the source of the increase in both PcAMP and
UcAMP in response to PTH. Early reports suggested that
calcitonin (59,60) and arginine vasopressin (AVP)
(42,61,62) were able to increase NcAMP. However, it has
been shown that the effects of calcitonin on NcAMP are
mediated by secondary rises in PTH (46,63) and the action
of AVP on NcAMP has not been confirmed (47,49,64). The
experimental evidence available confirms the importance of
PTH in the generation of UcAMP with PTH accounting for 90-

95% of NcAMP and some 45-50% of total UcAMP in normal man.

1.3 Urinary/Nephrogenous cyclic AMP and Parathyroid

Function
Measurement of UcAMP is useful in investigating disorders

of calcium metabolism and provides an assessment of
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parathyroid function (46). Several studies have reported
that UcAMP 1is elevated 1in patients with primary
hyperparathyroidism and lowered in patients with
hypoparathyroidism (44,49,61,63,65). However, considerable
overlap between normals and hyperparathyroid patients
existed especially in mild hyperparathyroidism (66).
Improved discrimination between the groups can be achieved
by expressing UcAMP as a function of glomerular filtrate
(GF), as given by

Urinary cyclic AMP x Serum creatinine
Urinary creatinine

which provides a parametric index of UcAMP and overcomes
the problems associated with mild to moderate renal
impairment, changes in creatinine excretion in prolonged
illness and differences in creatinine excretion in males
and females (46). The best discrimination between normals
and hyperparathyroidism is achieved when both plasma and
UcAMP are measured which enables NcAMP, expressed per litre
of glomerular filtrate, to be calculated as:

Urinary cyclic AMP x Serum creatinine - Plasma cyclic AMP
Urinary creatinine

(46,67,68).

The relationship between NcAMP and parathyroid function has
been elegantly reviewed by Broadus (47). NcAMP values
range from near zero to more than 150 nmol/L GF. Typical
values obtained in  hypoparathyroid (2.9 + 1.6),
hyperparathyroid (44.8 + 17.0) and euparathyroid subjects

(3.4-27.0 mnmol/L GF) <clearly demonstrate that NcAMP
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measurements enable the confident assessment of parathyroid
activity. Confirmation of the work of Broadus has been

obtained by other authors (69,70) and in general an overlap

o®

of NcAMP with normals is obtained in 7-9 of
hyperparathyroid patients and 3-10% of hypoparathyroid

patients.

1.4 Urinary/Nephrogenous cyclic AMP in Malignant Disease

Elevation of UcAMP is not specific for hyperparathyroidism
and interest has centred on the elevation of UcAMP in
patients with malignant disease. Since patients with
hypercalcaemia associated with malignancy (HCM)
characteristically have suppressed PTH concentrations UcAMP
and NcAMP would be expected to be low in HCM. A number of
authors have reported elevations of UcAMP and/or NcAMP in
patients with malignant disease and this finding is most
frequently observed 1in patients with hypercalcaemia
associated with malignancy (47,71,72,73,74). In these
studies it was observed that patients with squamous cell
carcinoma of the lung and uro-genital carcinoma were more
likely to have an increased UcAMP or NcAMP while patients
with carcinoma of the breast or haematological malignancies
tended to have normal or low UcAMP and or NcAMP excretion
(74,75) . It was postulated (74) that patients with
hypercalcaemia associated with malignancy (HCM) could be
subdivided into two groups depending on whether their NcAMP
values were increased or decreased. Those with increased

NcAMP had few or no bone metastases and those with low or
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decreased NcAMP invariably had widespread skeletal invasion
by tumour. These results suggested that in patients with
HCM measurements of NcAMP can be used to detect humoral
hypercalcaemia of malignancy (HHM) when NcAMP values were
high and that low NcAMP values were associated with local
osteolytic hypercalcaemia. In patients with low or
undetectable plasma PTH and elevated UcAMP or NcAMP it was
postulated that a tumour derived humoral factor was
produced with actions similar to PTH (74,76,77,78).
Subsequently a peptide has been isolated from tumours which
has remarkable sequence homology at its amino terminal with
PTH (79,80,81). As a result of similarities in structure
and function with PTH it has been named parathyroid hormone
related protein (PTHrP). Measurements of UcAMP and or
NcAMP with plasma PTH can be used to indicate, indirectly,
the presence of PTHrP. Differential diagnosis of
hypercalcaemia based on UcAMP or NcAMP excretion alone is
not possible, however, since considerable overlap of

results exists between hyperparathyroidism and HCM (71,82).

1.5 Cyclic AMP in Pseudohypoparathyroidism

In 1942 Albright and colleagues described a syndrome
characterised by mental deficiency, fits, tetany, dwarfism,
shortened metacarpals, soft tissue calcification with
hypocalcaemia and hyperphosphataemia (83). The cause of
this syndrome is a combination of separate defects in the
target-cell response to PTH, end organ resistance. Early

observations were based on the failure of these patients to
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respond to infusions of PTH extract by increasing the
fractional excretion of phosphate (84) but this test
remained unreliable even when purified preparations of PTH
became available. It was demonstrated that the wurine
excretion of cAMP in response to intravenous PTH was
markedly decreased in patients with pseudo-
hypoparathyroidism (44) and the test was further modified
by Tomlinson et al in 1976 who showed that the PcAMP
response to PTH is also impaired (85). Measurement of the
urinary phosphate excretion response to PTH is still of
diagnostic wvalue. Two types of pseudohypoparathyroidism
are now recognised. Type 1 is characterised by an absence
of both the increase in UcAMP and phosphate in response to
PTH and in Type 2 patients have a normal cAMP response to

PTH but a subnormal phosphaturic response (86).

1.6 Measurement of cyeclic AMP

It is clear from the preceding review that measurement of
UcAMP is mainly useful in metabolic studies but it can
supply information of clinical wvalue in well defined
conditions. Several assays exist for the measurement of
cAMP and in selecting particular methods for use in the
following experimental work it has been necessary to
consider the problems presented by each method, the
expertise and the facilities available to perform the

method.
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The earliest assays were based on enzymatic methods and
were time consuming, insensitive, highly dependent on
enzyme purity and prone to interference (25,87,88,89).
Competitive protein binding assays were developed based on
the binding of unlabelled and radioactive cAMP to cAMP
dependent protein kinase obtained from muscle or adrenal
cortex (90,91). These methods have a far greater
sensitivity than enzyme methods and are able to measure
cAMP in the picomolar range. There 1is some debate,
however, about interferences 1in these assay systems.
Feinglos et al (92) in a review of cAMP methodologies
concluded that cAMP binding proteins present in plasma
interfered and that proteins present in ileal secretions
also interfered in the assay. Other authors have not found
such interferences with various fluids, including plasma

and urine (93,94).

A major breakthrough in cAMP assays occurred when Steiner
et al (95) raised antibodies in guinea pigs towards
succinylated cAMP conjugated to human serum albumin.
Native cAMP exhibits sufficient cross reactivity with the
antibodies to succinylated cAMP that the antibodies could
be used in a radioimmunoassay for cAMP. This method was
sensitive enough to measure cAMP in the picomolar range.
The sensitivity of this assay can be increased by
acetylation or succinylation of the cAMP in the sample
prior to analysis (96). Acetylation yields a more stable

product than succinylation, is easy to perform and results
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in an assay capable of measuring femtomole amounts of cAMP.
Such sensitivity 1is not usually required when measuring
urine and plasma but is often necessary when measuring
tissue extracts, cell culture supernatants or tissue

perfusates.

RIAs for cAMP have been developed that are sensitive,
precise, accurate and convenient to use. Assays can also
be modified in-house so that they are targeted to measure
cAMP at the concentration of interest in a particular
sample type. As a result of these assay characteristics
the vast majority of current research involving measurement

of cAMP is conducted using RIAs.
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Chapter 2

Technical Methods
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2.1 Biochemical Methods

2.1.1 Cyclic Adenosine Monophosphate

cAMP was measured in urine, which was collected in sterile
containers using no preservatives, using an in-house
radioimmunoassay (RIA) which was developed at the Institute
of Biochemistry and utilises rabbit antibody to cAMP kindly
donated by Dr B Williams, Department of Medicine, Western
General Infirmary, Edinburgh. A full evaluation of this
assay, in thesis format, was submitted to the Royal College
of Pathologists as part of the final examination for
membership of the College (97). The assay has a detection
limit of 2.6 nmol/L (22% CV as defined by Ekins (98)) and
between-assay CV <10% over the working range of the assay
(10-150 nmol/L). The rabbit anti-cAMP antiserum was raised
against an 0-2’'-succinyl cAMP-albumin conjugate. The %
cross reactivities, based on the concentration causing 50%
displacement, are: cyclic guanosine 3’ :6’'-monophosphate
0.25%, adenosine <0.025%, guanosine <0.025%, 5’-adenosine
monophosphate <0.025%, 5’-guanosine monophosphate <0.025%,
adenosine diphosphonate <0.025% and adenosine triphosphate
<0.025%. Separation was performed by using donkey anti-
rabbit antibody (Scottish Antibody Production Unit, Law
Hospital, Carluke) coupled to Sepharose (99) . The
sensitivity of this assay can be increased 1000 fold by
acetylation of samples. This is performed by adding 15 uL
of triethylamine and acetic anhydride mixture (ratio 2:1)

to 500 uL of sample and vortexing immediately prior to
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assay.

cAMP was measured in plasma after appropriate dilution
using a commercial RIA supplied by Amersham International
(Aylesbury, Bucks). Blood is collected into EDTA anti-
coagulant, separated within 30 min and stored frozen

(-70°C) prior to analysis.

2.1.2 Parathyroid Hormone

In the majority of studies the intact PTH (PTH (1-84))
molecule was measured in serum using an in-house
immunoradiometric (IRMA) assay developed at the Institute
of Biochemistry, Glasgow. The assay utilises two mouse
monoclonal antibodies to PTH directed at the N and C
terminal ends of the PTH molecule. A full evaluation of
the assay has been published (100). The assay has a
sensitivity of 0.5 pmol/L (22% CV) (98) and a CV <10%
across the range 1.5-250 pmol/L. Quantitative recovery of
PTH (1-84) standard is obtained (mean recovery 107%) and
the assay is unaffected by a 200 molar excess of C-terminal
fragments (PTH (53-84)). A reference range of 1.0-5.0

pmol/L has been established for this assay.

PTH (1-84) was measured in one study (Chapter 8) using the
Nichols Institute (San Juan Capistrano) Allegro PTH (1-84)
IRMA. This assay has a claimed sensitivity of 0.1 pmol/L,
based on precision in counting small amounts of bound

radioactivity and an inter assay CV from 5.6% to 6.1% for
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replicate measurements of control sera (control A 3.0-5.3,
mean 4.2 and control B 23.6-39.3, mean 31.5 pmol/L). Mean
recovery of PTH (1-84) is 100% and the assay is unaffected
by 300 molar excess of the synthetic peptides PTH (1-34),
PTH (39-68), PTH (53-84), PTH (44-68) and PTH (39-84)

(101) .

2.1.3 Parathyroid Hormone Related Protein

In two studies (Chapters 6,8) PTHrP was measured in plasma
using a commercial IRMA supplied by the Nichols Institute
(San Juan Capistrano). A full evaluation of this assay was
performed as a component of this thesis (Chapter 8) and has
recently been published (102). Blood samples for this
assay have to be collected into tubes containing protease
inhibitors (aprotinin, leupeptin, pepstatin and EDTA).
Sensitivity of the assay is 0.7 pmol/L (22% CV) (98) and
the CV <10% over the range 1.5-50 pmol/L. The assay is
highly specific and cross reactivity was <0.1% with human
PTH (1-34) and PTH (1-84) at 10, 100 and 1000 pmol/L of PTH

peptide.

2.1.4 Thyroid Hormones and Thyroid Stimulating Hormone

Total thyroxine (TT,) was measured in serum by an in-house
RIA utilising antibody supplied by the Scottish Antibody
Production Unit (SAPU, Law Hospital, Carluke ML8 5ES). The
assay sensitivity is 20 nmol/L (22% CV) (98) and the CV of

the assay is <10% across the range 40-250 nmol/L.
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Total tri-iodothyronine (TT,) was measured in serum by an
in-house RIA utilising antibody supplied by SAPU (Law
Hospital, Carluke ML8 5ES). The assay sensitivity is 0.3
nmol/L (22% CV) (98) and the CV <10% across the range 0.5-

5.0 nmol/L.

Free thyroxine was measured in serum using an in-house RIA
which uses magnetic antibody-containing microcapsules.
Anti-thyroxine antibody for encapsulation was obtained from
Dr T Merrit, Rast Allergy Unit, Benedin Chest Hospital,

Kent. This assay has a detection limit of 3 pmol/L (22%

CV) (98) and a CV of <10% over the range 8-75 pmol/L (103).

Thyroid stimulating hormone (TSH) was measured in serum by
an immunoflurometric assay (IFMA) (Delfia, Pharmacia Ltd.,
Milton Keynes). This assay has a detection limit of 0.05
mIU/L (22% CV) (98) and a CV of <10% across the range 0.01-

50 mIU/L (104).

2.1.5 Cortisol

Cortisol was measured in extracted urine and serum using a
direct solid-phase RIA employing '**I iodohistamine linked
to the carboxyl derivative, 3-(o-carboxymethyl) oxime of
cortisol (105). The between batch CV over the range 100-
1000 nmol/L was 11% and the within batch CV 7% over the
range 300-1500 nmol/L. Sensitivity of this assay was 20
nmol/L as determined by the 22% CV obtained from cumulative

precision profile data (98).
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2.1.6 Glucagon

Measurement of glucagon was performed using a commercial
RIA supplied by Cambridge Medical Technology (Billerica
USA) that has a detection limit of 70 ng/L (22% CV) (98)
and a working range of 100-4000 ng/L (<10% CV) as defined
by the precision profile for the assay. Samples for
glucagon assay were taken into EDTA tubes separated

immediately and stored at -20°C prior to assay.

2.1.7 Prolactin

Prolactin was measured using an IRMA method (NETRIA, St.
Bartholomew’s Hospital, London, UK) that has a detection
limit of 30 mU/L (22% CV) (98) and a working range of 60-

3500 mU/L (CV <10%).

2.1.8 Routine Biochemical Analysis

Serum calcium, phosphate, creatinine, and albumin were
measured using standard automated methods on either a
Technicon SMAC II (Tarrytown USA) or Hitachi 704
(Boehringer Mannheim, Lewes, UK). Calcium was adjusted for
albumin as described by Gardner et al (106). Urine
calcium, phosphate and creatinine were measured by standard
automated methods on a Hitachi 704 (Boehringer Mannheim,

Lewes, UK).

2.1.9 Renal Tubular Reabsorption of Phosphate

The notional threshold for renal tubular reabsorption of

phosphate (TmPO,) was determined from fasting serum and
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urine measurements using a nomogram (107). The reference

range is 0.80-1.40 mmol/L of glomerular filtrate.

2.1.10 Urinary Calcium Excretion

Urinary excretion of calcium was expressed as a molar ratio
relative to urine creatinine (Ca/Cr; mmol/mmol; reference
range less than 0.70). In the fasting state Ca/Cr ratio is

thought to be an index of net bone resorption (108).

2.2 Imaging Techniques

2.2.1 Thyroid Hormone Uptake Scan

Thyroid scans were performed using standard techniques
following injection of 80 megabequerels of Technetium

(®**Tcm) .

2.2.2 Radionuclide Bone Scan

Radionuclide bone scans were performed using standard
techniques three hours after the intravenous injection of

530 megabequerels of *°Tcm labelled methylene diphosphonate.

2.2.3 Technetium/Thallium Subtraction Scan

Parathyroid localisation studies were performed using a
scanning technique where images were acquired in 1 min
segments for 20 min after the intravenous administration of
80 megabequerels of ?°'T1 then 10 min after 180 megabequerels
of *Tem. Images were stored in a computer interfaced to

the gamma camera and a "subtraction" scan was then obtained
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which highlighted the parathyroid adenoma (109).

2.3 Statistical Techniques

2.3.1 Cosinor Rhythmometry

Statistical analysis of circadian rhythm parameters was
performed using the Cosinor technique (110). In this
procedure, a cosine curve with a period of 24h was fitted
to the data for each individual using the method of least
squares. An F-statistic was then used to test the zero-
amplitude hypothesis for a circadian rhythm. The
parameters calculated are: the mesor (rhythm adjusted
mean), the amplitude (half the total extent of the
predictable change) and the acrophase (crest time of the

best fit cosine function, in relation to local midnight).

2.3.2 Mann-Whitney U Test

In studies where the data collected 1is not normally
distributed and the sample sizes result 1in different
variances a nonparametric statistical method of analysis

has been applied (111).

2.3.3 Analysis of Variance (ANOVA)

In studies where repeated t-tests or Mann-Whitney analysis
would be inappropriate ANOVA was performed. In this
analysis the data sets are usually greater than two and the
distribution may or may not be normal. This analysis is

applied in situations where multisample hypotheses are
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being tested (112).

2.3.4 Students t-Test

Comparisons of paired data within group or within subject
where the data is normally distributed have been performed
using the Students t-test. 1In all cases where this test
has been applied the two-tailed hypotheses have been tested

(112,113).

2.3.5 Wilcoxon Signed Rank Test

Comparisons of paired data where the values are not from a
normal distribution have been performed using the Wilcoxon

signed rank test (114).

2.3.6 Linear Regression

The functional dependence of two variables on one another
has been analysed by simple regression analysis. Data
suitable for this analysis consists of a dependent variable
that is a random effect factor and an independent variable
that is either a fixed effect or a random effect factor.
In this analysis values are assumed to be normally
distributed, the variances are equal, errors in X are

minimal and Y are additive (115).
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Chapter 3

Variation in Cyclic Adenosine Monophosphate

in Plasma and Urine During a 24 hour Period
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3.1 Variation in cAMP in Normal Male Subijects

3.1.1 Introduction

The importance of fluctuations in the secretion of hormones
throughout a 24h time period has been increasingly
recognised during the past decade. The variations in
plasma hormone concentrations have physiological importance
and the absence or alteration of normal rhythms can be
pathological and may be diagnostic of certain disease
states. Both urine and plasma cAMP concentrations reflect
an integrated effect of several hormones on their
receptors, as well as kidney function, making
interpretation of the cause of cyclical variations in cAMP
difficult. Several authors have demonstrated the existence
of a circadian rhythm in UcAMP (63,116,117,118,119) with a
remarkable consistency in timing of the excretion trough
(0300-0900h). 1In contrast there has been little agreement
on the timing of the peak excretion of UcAMP with 1300-
1500h (63), 0900-1200h (116), 1800-2100h (118), 0900-1200h
(119) and a bimodal population with both 0400-0800h and
1200-1600h (117) proposed as the period of peak UcAMP

excretion.

A circadian rhythm for cAMP in plasma has been described
(117,120,121,122) and again whilst there is good agreement
on the timing of the PcAMP trough (0200-0400h) major
differences are found in the timing of the PcAMP peak

(0800, 0600, 1200, 1400, 1600 and 2400h).
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There has been 1little investigation into the factors
controlling or affecting the daily wvariation in cAMP. 1In
addition to PTH, adrenaline and noradrenaline have been
proposed as the main hormones affecting both plasma and
UcAMP rhythms (118,122,123). UcAMP in females is maximal
around the time of ovulation and minimal during menses
(124). There is also a significantly higher UcAMP
excretion in women with the pre-menstrual tension syndrome
(124) . These effects are thought to be mediated by LH and
FSH since amenorrhoea and the use of a contraceptive pill
significantly reduced the mid cycle UcAMP excretion whilst
decreasing UcAMP output (124). Indirect effects have been
proposed with exercise, caffeine and smoking all implicated
in the generation of PcAMP variations (125,126,127). There
is strong evidence that the circadian rhythm in PcAMP is
the result of postural variations and orthostatism and that
the rhythm is absent in subjects confined to bed for 32h
(128) . Few studies have analysed data on both urine and
plasma cAMP concentrations simultaneously and surprisingly
there has been no attempt to study the role of the major
cAMP controlling hormones PTH and glucagon in generating
cAMP 24h rhythms. This probably reflects the previous
difficulties experienced in measuring accurately both these

hormones.

Improvements in immunoassay techniques in recent years have
led to the development of immunometric assays for the

intact molecule of PTH, PTH (1-84), which are specific and
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sensitive and are able to measure PTH (1-84) in all normal
subjects with a concentration well above the detection
limit of the assay (100,101,129). These assays overcome
the problems of circulating fragments of PTH interfering in
the measurement of PTH (1-84) and enable physiological

studies to be performed.

An understanding of the factors responsible for glucagon
degradation and improved antibody technology targeted at
the correct portion of the glucagon molecule has meant that
glucagon measurements can now be made in normal subjects

and physiological studies performed with confidence.

3.1.2 Subjects and Methods

In all the 24h studies described in this chapter a standard
blood and urine sampling technique was adopted. Subjects
were admitted to a hospital ward between the hours 1000-
1200. A venflon cannula was placed in a vein in the median
cubital fossa for blood sampling and urine was collected
into a volumetric flask at 4h intervals during the day and
one sample obtained immediately on rising from sleep
corresponding to an overnight sample. The studies were
performed over the period 1400-1330h and the maximum number
of subjects sampled at one time was 6 with the usual number
being 3. All subjects ate at the same times when studied
and a standard diet was consumed during each study period,
although no run in period of standard diet was given. All

subjects were ambulant but avoided exercise and lay down to
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sleep and arose from bed at the same time.

In the initial study six healthy male volunteers (age 29-
40; mean 33 years) were studied over a 24h period. None of
these males were suffering from any illness or taking
medication known to interfere with calcium metabolism. The
subjects were ambulant but avoided exercise during the
study period. They lay down to sleep at 0100h, were

awakened at 0700h arising at 0800h.

All samples obtained from an individual subject were

analysed in the same assay batch.

The sample type for each analysis has been described in
Chapter 2. Each serum or plasma was obtained within 30 min
of venesection and immediately frozen and stored at -70°C
or -20°C, depending on the analyte being measured, prior to
analysis. In this study PTH (1-84), UcAMP, NcAMP,
glucagon, calcium, phosphate, creatinine and albumin were
measured. All measurements were performed as specified in

Chapter 2.

3.1.3 Results

The mean 24h profiles of PTH (1-84), NcAMP, glucagon and
PcAMP in the six subjects are shown in Figure 2. PTH (1-
84) rises from 0130h in a broad peak through the night and
early morning. The concentrations from 0200 to 0600h were

significantly elevated (p<0.001) compared to baseline
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(1400-1800h) . The PTH (1-84) concentrations in all
subjects returned to baseline values by 1000h although the
rate of fall varied markedly between individuals. The mean
intra-individual CV between 0630 and 1000h was 30% (range

12.9-42.5) compared to 17% (12.6-23.6) in the basal period.

Mean NcAMP concentrations rose throughout the night and
early morning in parallel to the PTH(1-84). The mean NcAMP
concentrations at eight of the eleven time points during
the period 0200 to 0700h were significantly elevated

(p<0.01) compared to the baseline means (1400-1800h).

Plasma cAMP fluctuates considerably during the 24h period
and there 1s wide individual variation. A significant
(p<0.01) concerted decrease in PcAMP occurs during the
night and early morning with eleven of the twelve time
points from 0200-0700h lower than baseline (1400-1800 h).
A significant decrease (p<0.01) in PcAMP was observed in
the post-prandial period from 1800-2100h. The most
significant increase in PcAMP was noted when all subjects
rose from their beds in the morning peaking 1h after moving
from recumbency to standing. PcAMP decreased following
breakfast from the peak at 0800h to a nadir at 1000h then
gradually increased over the remaining study period. PcAMP
decreased significantly following each meal time (1800,

2300, 0800 and 1300h) (p<0.05).
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Glucagon decreased significantly (p<0.05) during the night
and early morning in parallel to PcAMP with all twelve time
points from 0200-0700h significantly lower than baseline
(1400-1800) . The changes in glucagon showed 1less
fluctuation than PcAMP but similar decreases in glucagon

were observed following each meal time.

Cosinor analysis of the data was performed Table 2 and
indicated a tight phase and frequency synchronisation in
the PTH(1-84) and glucagon concentrations of the six
subjects over the 24h period. The results confirm a
significant circadian rhythm in PTH (1-84) and glucagon but
although  there is phase synchrony in the NcAMP
concentrations variability in amplitude is such that the
mean amplitude of 5.9 from the mesor concentration of 25
nmol/L GF is not statistically significant at the 5% level.
Variability in the PcAMP data is such that no statistically

significant circadian rhythm is demonstrated.

3.1.4 Discussion

Both serum PTH (1-84) and NcAMP concentrations increase
significantly during the night and early morning, with mean
values above the day-time reference ranges for these
analytes. The cosinor analysis confirms significant
circadian rhythm in PTH (1-84), with an acrophase at 0405h.
This is consistent with the night-time rise in
immunoreactive PTH previously reported using C-terminal

specific assays (130,131) and also with the hypothesis that
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Acrophase

24 h clock
PTH 1-84 0405
NcAMP 0524
Glucagon 1759
PcAMP 1443

NS - Not Significant

Mesor
3.3
pmol/L

25.0
nmol/L GF

305.0
ng/L

18.2
nmol /L

Amplitude Significance

0.7 P<0.05
pmol/L

5.9 NS
nmol/L GF

36.8 P<0.01
ng/L

1.2 NS
nmol/L

Table 2 Cosinor analysis of 24 h profiles of normal males




the rise may be sleep related (132).

These results show that the circadian variations in PTH (1-
84) are accompanied by parallel variations in NcAMP levels.
This supports the conclusion that the PTH (1-84) released
through the night is physiologically active at the kidney.
The kidney has not been exposed to an increased filtered
load of cAMP as PcAMP fell overnight and so the results
explain why measurements of total urinary cAMP failed to
correlate with proposed PTH effects and circadian rhythm in
the past. The close correlation between NcAMP and PTH
which is independent of PcAMP supports the use of NcAMP as

a marker of end organ PTH activity.

Although the NcAMP concentrations increased significantly,
the cosinor analysis failed to detect a significant phase
and frequency synchronised rhythm for the six subjects.
This is probably related to the number of subjects studied
and the inherent variability in this measurement which is

calculated from four separate analyses.

NcAMP concentration remained elevated (0600-0700h) after
the main peak of PTH (1-84). This is partly due to the
study design as urine was collected on rising in the
morning after sleep and so the NcAMP calculations overnight
will be a reflection of the changes in PcAMP at each time
point over an integrated urine collection for each subject.

However, studies using catheterised animals or human
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subjects (46) have indicated that total UcAMP decreases by
a minimal amount then remains constant overnight and so the
calculated NcAMP will be a good estimate of true NcAMP

production at each time point.

Plasma glucagon and cAMP decrease significantly overnight
and glucagon demonstrates a significant circadian rhythm.
The overall pattern of glucagon and cAMP secretion over 24h
is very similar and a strong correlation exists between the
two analytes over the 24h period. It is known that
glucagon stimulates cAMP production from liver and from
this current data glucagon would appear to be making a
major contribution to the circulating PcAMP. A 50%
decrease in glucagon overnight is accompanied by a 50%
decrease in PcAMP and the role of glucagon in the
generation of PcAMP is further supported by the transient
falls in both analytes following mealtimes. These data
would indicate that PcAMP in the physiological situation is
influenced more by glucagon than PTH. Although PcAMP in
pharmacological studies can be used to rapidly monitor PTH
action (55,85) 1in physiological and pathophysiological

studies NcAMP is a more reliable index of PTH activity.

Significant fluctuations exist in PcAMP on top of the
inherent circadian rhythm which make the cosinor analysis
difficult to apply and inappropriate for this data. PcAMP
reflects the integrated effect of several hormones and it

is likely that other hormones, particularly the
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catecholamines, are affecting the values obtained. A
transient fall in catecholamines occurs on recumbency and
sleep with a significant increase on rising early in the
morning and these hormone changes will also contribute to
the overall appearance of the PcAMP profile. Several other
hormones act through c¢AMP and in disease states, or in
altered physiology, the effects of one or other of these
hormones may predominate altering cAMP metabolism.

The existence of a circadian rhythm in PTH (1-84) which is
physiologically active raises a number of questions related
to the control of PTH (1-84) release and its effects on
cAMP metabolism. In subsequent chapters studies have been
performed to analyse cAMP metabolism during health, under
physiological manipulation and in disease during 24h

periods and at selected single time points.
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3.2 Sleep Shift Effects on cAMP Metabolism, PTH(1-84),

Glucagon and Prolactin in Normal Male Subijects

3.2.1 Introduction

The mechanism controlling the nighttime rise in PTH (1-84)
and NcAMP is not yet known. It has been concluded from a
number of studies (130,132,133,134,135,136,137) that the
PTH (1-84) rhythm cannot be accounted for solely by changes
in serum calcium or phosphate concentrations and therefore
the central nervous system may play a role either directly
or indirectly in modulating normal PTH (1-84) secretion.

Prolactin (PRL) secretion follows a similar pattern to PTH
(1-84) over a 24h period in normal male subjects with an
early evening rise and a major night-time elevation
occurring shortly after the onset of sleep (138,139).
Cross-correlation analysis of 24h profiles confirmed a
strong temporal correlation between PTH (1-84) and PRL
secretion in normal male subjects with the changes in PRL
secretion occurring approximately 2h after those in PTH (1-
84) (136). It has been postulated therefore that there may
be neuroendocrine control common to PTH (1-84) and PRL

secretion which would subsequently affect cAMP production.

The overall circadian characteristics (excluding food
intake or dietary effects) of a 24h hormonal profile
generally represent an integration of the effects of
circadian rhythmicity (intrinsic effects of time of day

irrespective of the sleep or waking state), sleep
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(intrinsic effects of sleep irrespective of time of day),
and pulsatile secretion occurring at frequencies of minutes
or hours. To delineate the relative roles of circadian and
sleep effects, strategies based on the fact that circadian
rhythmicity needs several days to adapt to abrupt shifts of
the sleep-wake cycle have been employed. Thus, by shifting
the sleep times by 7-12h, any masking effects of sleep on
circadian inputs are removed and the effects of sleep at an
abnormal circadian time can be revealed. In this study a
sleep-shift experiment was performed in which the time of

sleep was delayed by 7h in six normal male subjects.

3.2.2 Subjects and Methods

The six normal healthy male subjects from the previous
study were sampled exactly one year following the original
study thus avoiding the possible effects of seasonal
changes in calcitropic hormones. Study A (circadian) was
described in Chapter 3.1. In study B (sleep shift) the
subjects were awake from 1400-0800h and slept from 0800-
1400h. All subjects ate identical meals in both studies
(at 1800, 2300, 0800 and 1300h in study A and 1800, 2300,
0730 and 1430 in study B). Timed urine samples were
obtained 4 hourly when awake and one sample obtained after

awaking from sleep.

All analytes studied in Chapter 3.1 were measured and in
addition serum prolactin (PRL) was measured in this study.

Methods of analysis were as outlined in Chapter 2 and NcAMP
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was calculated by the method of Broadus et al (46).
Statistical analysis was performed using a paired t-test to
compare results within an individual and the Mann-Whitney

U test between studies.

3.2.3 Results

The mean (+ SEM) PTH (1-84), NcAMP are shown Figure 3,
PcAMP, glucagon Figure 4 and PRL Figure 5 in each of the
studies. Overall mean 24h concentrations, the range of
values and the coefficient of variation for PTH (1-84),
NcAMP, PcAMP, PRL, glucagon and adjusted calcium in each of
the six subjects for the circadian and sleep-shift studies

are shown in Tables 3a and 3b.

A comparison of the profiles has been made Figure 6 (PTH
(1-84), NcAMP, PRL and adjusted Ca) and Figure 7 (P-cAMP
and glucagon) which highlights the trends during the hours
of sleep by smoothing the profiles using a three-sample
moving average technique to minimise the perturbations due
to either pulsatile secretion or assay noise and the error

bars omitted for clarity.

Comparison of the profiles of each analyte indicates that
sleep shift has altered the pattern of both secretion of
the hormones studied and cAMP. The nocturnal rise in PTH
(1-84) is present in both studies despite the shift in the
sleep-wake cycle. However, the start of the sleep wake

cycle 1is attenuated by sleep delay with the PTH
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concentrations in each individual significantly lower in
the sleep-shift study from 0200-0300h (p<0.05). NcAMP
rises overnight in both studies but the rise during the
sleep-shift experiment is markedly reduced with mean NcAMP
from 0130-0700h calculated to be 23.8 nmol/L GF compared to
31.9 (p<0.01) in the circadian study. In the circadian
study an early morning peak in PRL is seen which is absent
in the sleep-shift study. However, an increase in PRL
occurs coincident with the time of delayed sleep in the
sleep-shift study. Initial comparisons of the PcAMP
profiles are very similar and a decrease in PcAMP from
0130-0230h is seen in both studies. After 0230h the two
profiles differ markedly with peaks and troughs occurring
at different times in each study and a concerted decrease
in PcAMP coincident with the time of delayed sleep in the
sleep-shift experiment. The profile of glucagon excretion
is also very similar in the early part of the studies. A
significant difference in excretion exists at two time
periods coincident with sleep in both studies with glucagon
significantly lower (p<0.0l1) when asleep compared to basal
secretion in the same study or the equivalent time period

between the studies (p<0.05).

3.2.4 Discussion

Early studies wusing this type of experimental design
demonstrated that the secretion of some hormones, such as
cortisol (140) and melatonin (141), is primarily modulated

by circadian rhythmicity, whereas others such as PRL
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(138,142) and growth hormone (143) are strictly sleep
dependent. The shift in the timing of the PRL peak seen in
this acute sleep-shift experiment is consistent with early
studies on PRL secretion which had shown that daytime naps
are associated with increases in PRL (142) and that acute
reversal or delay of the sleep wake cycle is accompanied by
an increase in PRL during daytime sleep (138). However,
more recent studies on repeated sleep shifts as part of a
jet lag study have shown a splitting of the PRL peak
revealing an endogenous circadian component to PRL
secretion in addition to the sleep-related component (139).
It is now accepted that sleep effects and circadian effects
interact to produce the overall temporal pattern of the
majority of hormones and that different portions of the
wave shape of the hormonal pattern adapt at different rates

to manipulations of the sleep wake cycle.

In this acute sleep-shift experiment the overall timing of
the main nocturnal PTH (1-84) rise did not alter
substantially from the normal circadian pattern. Thus the
data on PTH (1-84) secretion from this experiment is
consistent with a primary «circadian rhythm, i.e.
intrinsically 1linked to the time of day. However,
nocturnal PTH concentrations have been shown previously to
be temporally correlated with cycles of stage 3 and 4 sleep
(132) and this may be reflected in this study by the early
part of the peak being blunted with a significant decrease

in PTH (1-84) from 0200-0300h. These data are consistent
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with the postulate that the control of PTH (1-84) secretion
is primarily circadian but may be modified by sleep.
Another example of this type of control is that of TSH
which is primarily circadian but suppressed by sleep such
that in sleep deprivation experiments the evening rise in

TSH is enhanced and prolonged (144).

Comparison of the NcAMP profiles between the two studies
indicates a markedly attenuated nocturnal NcAMP output in
the sleep-shift experiment. These results suggest that the
end organ response, the nocturnal production of NcAMP at
the kidney, may not solely be determined by PTH (1-84) but
is modified by other factor(s). For example cortisol (145,
146 and Chapter 5), T, (147, 148 and Chapter 4), T, (149)
and insulin (150) can modify the cAMP response evoked to
PTH in cell systems and in humans. In particular cortisol
and thyroid hormones can alter the threshold concentration
at which PTH can produce a cAMP response (145,146,148,149).
Although such effects have largely been shown to occur at
supraphysiological concentrations and in- vitro, it is
conceivable that under normal circumstances the increase in
NcAMP during the night is likely to be the result of a
concerted effect of a number of hormones acting to
facilitate PTH stimulation of cAMP. This phenomenon may be

disrupted by an acute sleep shift.

It can be seen that a significant change in the profile of

PcAMP has taken place which only in part reflects the
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alteration in glucagon secretion. The nadir of secretion
corresponds to sleep and recumbency in both studies at the
time when glucagon concentrations are at their lowest. 1In
the sleep-shift experiment, however, a decrease in PcAMP is
observed at a time when mean glucagon concentrations are
rising and considerable fluctuations are observed in PcAMP
over the period 0130-0700h which probably reflect the
disturbed balance between hormones that are entrained to
the biological clock and those that are entrained to the

time of day.

There is evidence to link PRL to PTH and calcium metabolism
(151,152,153). The recent finding that PRL can stimulate
PTHrP release into breast milk and influence PTHrP
messenger RNA expression adds weight to the association of
PRL and calcium metabolism (154). It is interesting to
speculate whether the night-time rise in NcAMP during the
normal sleep wake cycle has a PRL-dependant, and therefore
sleep-dependent, component perhaps related to the

production of PTHrP rather than PTH (1-84).

Thus, although the results of this acute sleep-shift
experiment argue against a direct neurocendocrine 1link
between PTH (1-84) and PRL secretion, the c¢ircadian
studies, performed to date, demonstrate that these hormones
are maintained by the circadian clock in a distinct phase
relationship throughout a 24h period in normal subjects.

The changes observed in c¢AMP metabolism, particularly
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NcAMP, in this study reflect the alteration of activity of
several hormones and it may be that a high degree of
temporal organisation allows concerted metabolic effects
between PTH and other hormones leading to optimised end

organ responses.
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3.3 The Effect of a 96 Hour Fast on cAMP Metabolism, PTH

(1-84) and Glucagon in Normal Male Subijects

3.3.1 Introduction

PTH (1-84) secretion and NcAMP production in normal males
follows a defined circadian rhythm (137,155, Chapter 3.1).
Evidence for neuroendocrine control arises from the
observation of a strong temporal correlation between PTH
(1-84) and PRL (136). The sleep shift experiment (Chapter
3.2) argues against a direct neuroendocrine link between
PRL and PTH (1-84) indicating that the PTH (1-84) and NcAMP
rhythms are mainly circadian in nature, that is
intrinsically linked to the time of day with the

possibility of modification by the presence of sleep.

Throughout the studies on the circadian secretion of PTH
(1-84) the most striking and consistent relationship found
has been between PTH (1-84) and serum PO,. From evidence in
the literature it has been concluded that this relationship
reflects the influence of PTH on the renal handling of
phosphate with this action mediated via cAMP. The
strongest evidence against a direct role for phosphate in
the control of the circadian rhythm of PTH secretion is
that of Jubiz et al (130) who reported that following a
fast the PTH circadian rhythm persisted while that of

phosphate was abolished.
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It should be noted that this key study on the inter-
relationship between phosphate and PTH secretion was
performed some twenty years ago. Since that time the
highly specific two-site immunometric assays have been
developed which allow the measurement of subtle changes in
PTH (1-84) concentrations and have permitted improved
definition of the physiology and pathophysiology of PTH (1-

84) secretion (156).

In the following study the effects of fasting on the 24h
rhythms of PTH (1-84), NcAMP, PcAMP, glucagon, serum

adjusted Ca and serum PO, have been investigated.

3.3.2 Subjects and Methods

Six normal male volunteers (age 28-40, mean 32 years) were
studied on two separate occasions. During one study
(Control) on the day of sampling the subjects ate identical
meals at defined times (1800, 2230, 0800 and 1200h), were
ambulant but avoided exercise and lay down to sleep at an
identical time (0100-0700h). For the other study (Fasting)
the subjects consumed no food but were allowed water ad
libitum for 96h and were sampled during the final 24h of
the fast. The subjects followed an exercise and sleep
regime identical to that of the control study. Three
subjects were randomised to the control study followed by
the fasting study whilst the other three subjects fasted
first then subsequently took part in the control study. A

minimum of three months separated each study period. Blood
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and urine samples, for the measurements described in
Chapter 3.1, were obtained, stored and assayed as described

Chapter 2.

Statistical analysis was performed using the paired
difference t-test to analyse significant changes within 24h
profiles. Mann Whitney U comparisons were used to analyse
differences between study periods. Cosinor techniques were

used to analyse circadian rhythm parameters.

3.3.3 Results

The 24h profiles for serum PO,, adjusted calcium, PTH (1-84)
and NcAMP are shown in Figures 8 and 9. Comparisons of the
profiles of PcAMP and glucagon are given Figure 10.
Results from the control study are shown above the
corresponding results from the fasting study figures. The
results of the cosinor analysis of the data contained in
the figures are summarised in Table 4. As anticipated, the
process of fasting for 96h effected a dramatic change in
the 24h pattern of serum PO,. In the control study there
was a pronounced circadian rhythm of PO, which is highly
significant when analysed by cosinor analysis. In the
fasting study the nocturnal peak of phosphate was almost
completely abolished and cosinor analysis confirms the
absence of any significant circadian rhythm. It is worthy
of note that for most of the 24h period serum PO,
concentrations were higher in the control study (mean 1.20

mmol/L) than in the fasting study (mean 1.13 mmol/L,
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Figure 8 24 h profiles of serum PO, and adjusted Ca during
normal diet and after a 96 h fast in 6 normal
male subjects. Results are mean + SEM.
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Figure 9 24 h profiles of PTH(1-84) and NcAMP during
normal diet and after a 96 h fast in 6 normal
male subjects. Results are mean + SEM.
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Figure 10 24 h profiles of PcAMP and Glucagon during
normal diet and after a 96 h fast in 6 normal
male subjects. Results are mean + SEM.



Acrophase
24h Clock
Phosphate
Control 0155
Fasting NS

Adjusted calcium

Control NS

Fasting NS
PTH (1-84)

Control 0405

Fasting NS
NcAMP

Control 0524

Fasting NS
PcAMP

Control NS

Fasting 1300
Glucagon

Control 1759

Fasting NS

NS - Not Significant

Table 4

Mesor Amplitude
1.20 0.14
1.13 NS

(mmol /L) (mmol /L)
2.40 NS
2.26 NS

(mmol/L) (mmol/L)
3.3 0.7
3.5 NS

(pmol/L) (pmol/L)

25.0 5.6

11.6 NS

(nmol/L GF) (nmol/L GF)

18.2 1.2
25.1 3.3
(nmol/L) (nmol /L)
305.0 36.8
354.5 11.9
(ng/L) (ng/L)

<0.01
NS

NS
NS

<0.05
NS

0.08 (NS)
NS

NS
<0.02

<0.01
NS

Cosinor analysis of 24h profiles of serum PO,,

adjusted Ca, NcAMP, PTH (1-84), PcAMP and glucagon

whilst consuming normal diet and following a

96h fast




p<0.01).

The 24h mean of serum adjusted Ca concentration was also
higher in the control study (2.40 mmol/L) than in the
fasting study (2.26 mmol/L, p<0.01) but the pattern
throughout the day did not differ markedly between studies.
Cosinor analysis did not detect a synchronised circadian
rhythm in serum adjusted calcium concentration in either
study. Using the group mean concentrations over the
initial period of the study as baseline (1400-1800h) a
statistically significant transient decrease in adjusted
calcium was observed in the control study during the sleep
period (2.44 to 2.40 mmol/L at 0130h; p<0.05). No
corresponding decrease in adjusted calcium was detected in
the fasting study. The mean adjusted calcium was lower at
the end of both studies than at the beginning and may in
part reflect daily variation. This was also a consequence
of greater individual variability in the latter part of the

study.

Figure 9 reveals a marked alteration in the pattern of PTH
(1-84) concentrations over the 24h period as a result of
fasting, despite similar 24h mean concentrations (control
3.3 pmol/L; fasting 3.5 pmol/L). The nocturnal rise seen
in the control study is absent in the fasting profile with
PTH (1-84) concentrations decreasing during the night and
early morning when fasting. In the fasting study the mean

PTH (1-84) concentrations were significantly lower during
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the time of sleep (fasting 2.8 pmol/L; control 3.5 pmol/L;
p<0.01) but higher during waking hours (fasting 3.1 pmol/L;
control 2.4 pmol/L; p<0.001). Figure 9 also reveals that
the between subject variability was greater in the fasting
study than in the control study. Cosinor analysis of the
PTH (1-84) profiles indicates a significant c¢ircadian
rhythm in the control study but fails to detect a

synchronised rhythm in the fasting study.

NcAMP results are very similar in pattern to those of PTH
(1-84). Thus the nocturnal peak of NcAMP coincident with
that of PTH (1-84) in the control study was absent
following fasting. Of major importance was the significant
decrease in mean NcAMP following fasting (control 25.0
nmol/L GF; fasting 11.6 nmol/L GF; p<0.001). This
difference is in part due to the absence of the nocturnal
rise in NcAMP but is also due to a significant decrease in
mean NcAMP during the waking hours 0800-0100 (control 22.1
nmol/L GF; fasting 12.1 nmol/L GF p<0.001). Although an
increased variability in PTH (1-84) 1is observed when

fasting the variability in NcAMP production is reduced.

PcAMP is significantly higher (p<0.01) following fasting
when compared to the control and the profile over 24h
altered so that a gradual decrease in PcAMP was noted from
2100-0600h with a 1less pulsatile pattern of secretion
observed when compared to control. Glucagon concentrations

are also significantly higher (p<0.01) after fasting with
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little wvariation in concentration over the 24h and in
particular the post prandial decreases noted in the control
study are absent during fasting and the sleep/orthostatism
related decrease is not so obvious during fasting. These
alterations in glucagon and PcAMP éecretion abolish the
glucagon circadian rhythm but result in a significant PcAMP

rhythm following the fast.

3.3.4 Discussion

The 96h fast incorporated into this study resulted in the
loss of the 24h rhythm of serum PO, from a group of normal
adult male subjects. This result, together with the
accompanying reduction in the mean 24h serum adjusted
calcium concentration, is consistent with the findings of
other fasting studies (157,158). Of major significance,
however, is that unlike the one previous study in which it
was examined (130) the current study has demonstrated that
a 96h fast results in attenuation of the normal circadian
rhythm of both PTH (1-84) and NcAMP with a significant

reduction in NcAMP production following this fast.

There are four main possible explanations for the
difference between the results of the present study and
that of Jubiz and his colleagues in 1972 (130). Firstly,

there were more subjects in the current study (six versus

two) . Secondly, the current study employed an increased
sampling frequency (30 min versus 2h). Thirdly, the period
of fast was longer (96h versus 48h). Finally, improvements
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in immunoassay in the current study meant that only the
intact PTH molecule was measured without interference from
fragments of the PTH molecule, with a sensitivity and
precision capable of distinguishing small changes in PTH
(1-84) concentration within the reference range for normal
subjects (100,156). This combination of improved study
design and methodology contribute to the differences in
outcome but the possibility also exists that there is a
gradual loss in the nocturnal surge in PTH (1-84) with an

increasing length of fast.

The present study provides insights into our understanding
of the chemical modulation of the circadian rhythm of PTH
(1-84) and NcAMP. Although the higher setting of serum PTH
(1-84) during the waking hours of the fasting study is
probably a consequence of the reduction in the mean
adjusted calcium concentration, the relative fall in PTH
(1-84) during the period of sleep when fasting cannot be
explained by changes in calcium status. These results are
in accordance with the view that factors other than calcium
contribute to the circadian rhythm of PTH (1-84) in normal
subjects (130,132,133,159, Chapters 3.1, 3.2 and 3.4).
Data from the previous key study (130) sustained the view
that the PO, rhythm must be a consequence of the PTH (1-84)
rhythm. The present study results suggest that the
converse argument is at least as valid as the serum PO, rise
occurs before the nocturnal PTH rise. Thus the role of

phosphate as a PTH secretagogue in normal physiology must

82



be considered.

While the circadian rhythm of PTH (1-84) is lost on fasting
the between and within subject variability of PTH (1-84)
concentrations is increased. It is not possible with the
sampling frequency used in this study (30 min intervals) to
analyse directly the pulsatility of PTH (1-84) secretion
since PTH (1-84) has a half life of 2-3 min. However, it
is possible that the increase 1in variability observed
represents alterations in the pulsatile nature of PTH (1-
84) secretion. The increased variability in secretion of
PTH (1-84) and the loss of the nocturnal rise may represent
an adaptation to the fasting state which facilitates the
mobilisation of calcium from bone. It has been calculated
that approximately half the quantities of calcium and
phosphate excreted in urine during a prolonged fast have

been mobilised from bone (158).

The changes in signal mode for PTH (1-84) observed in this
current study may offer a means of mediating bone
resorption in normal and pathological states. It is known
that trabecular bone formation may be stimulated by
transient rises in serum PTH following daily injection
(160) but that continuous infusions of PTH are ineffective
or counterproductive (161). This knowledge has led to the
postulate that the circadian rhythm of PTH (1-84),
particularly the nocturnal rise then fall, is an essential

element in the process of bone formation. Conversely,
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abnormalities in the rhythm of PTH (1-84) secretion as seen
in this current study and in hyperparathyroidism (Chapter
3.4) may lead to an alteration in the normal pattern of
bone turnover and may contribute to the aetiology of bone

disease including osteoporosis.

NcAMP production has been significantly altered following
fasting and probably reflects the combined effects of loss
of the PTH (1-84) circadian rhythm and the increased
variability of PTH (1-84) secretion. Added to these
changes are alterations in the mean circulating calcium,
phosphate and possibly vitamin D which will have effects on
the PTH receptor at the kidney. The overall result is that
the kidney response to PTH (1-84) in terms of cAMP

production, is significantly decreased following a fast.

As expected, mean glucagon concentrations following the
fast are significantly elevated with no significant
concerted decrease overnight observed although a transient
decrease is observed between 2130 and 0230. The overall
increase in glucagon reflects the alterations in glucagon
metabolism that take place following a fast. It has been
demonstrated that fasting for 3 days results in a
significant increase in plasma glucagon as a result of
decreased catabolism by the kidney rather than increased
secretion by the pancreas (162). PcAMP is also increased
over the 24h period with the development of a significant

circadian rhythm and the retention of the nocturnal
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decrease in PcAMP. Part of the increase in PcAMP will be
due to the rise in glucagon but the overall increase in
PcAMP will also be due to contributions of other hormone
effects not measured in this study. Prolonged fasting will
result in increases of GH, PRL and cortisol which will all
contribute to the increased PcAMP. It is also possible
that PTH (1-84) effects are different on bone and kidney
resulting in increased contribution to PcAMP from bone
cells but a decreased contribution from the kidney. These
effects may be due to the acute ketosis that exists
following a fast as altered PTH responses in acute acidosis
have been observed in the kidney and bone. An increase in
cAMP production by isolated perfused dog bone has been
reported in acidosis (163) whilst decreased UcAMP excretion

has been found in rats or dogs made acidotic (164,165).

This study has shown that a prolonged fast can markedly
alter phosphate, calcium, PTH (1-84), NcAMP and glucagon
rhythms. The results suggest that phosphate may play an
important role in the genesis of the PTH (1-84) rhythm and
subsequent NcAMP rhythm. Further work is required to
investigate such mechanisms and the role other circadian
hormones may play, such as GH and cortisol, in regulating
calcium and phosphate homeostasis and the action of PTH (1-

84) in generating cAMP.
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3.4 Variation in The Circadian Rhythm of cAMP in

Hyperparathyroid Patients Before and After

Parathyroidectomy

3.4.1 Introduction

The demonstration of the significant elevation of NcAMP
rising in parallel with PTH (1-84) in normal males (Chapter
3.1) and the ability to modify these profiles by
manipulating sleep (Chapter 3.2) and diet (Chapter 3.3)
raises questions about the role of these rhythms, if any,
in health and disease. Patients with primary
hyperparathyroidism (1°HPT) have inappropriately detectable
or high serum concentrations of PTH (1-84) in the presence
of hypercalcaemia (101,166,167) and an elevated NcAMP in
the majority of cases (46,69,70). Some of the available
evidence indicates that in 1°HPT the adenomatous
parathyroid tissue functions autonomously, whilst other
evidence suggests that the gland is not totally autonomous
and an alteration in the set-point for PTH secretion
exists. Thus we would expect that the circadian rhythm
observed in normal subjects could be 1lost in 1°HPT.
Studies measuring N and C terminal PTH have shown either
the existence (131,159) or absence (168,130) of a circadian
rhythm for PTH in primary hyperparathyroidism. If the
circadian rhythms for PTH (1-84) and NcAMP are lost in
1°HPT then following removal of the adenoma there may be
restoration or alteration of these circadian rhythms. 1In

this study the data obtained from normal volunteers
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(Chapter 3.1) and 2 additional subjects has been compared
to that obtained in patients with 1°HPT before and after

surgical removal of a parathyroid adenoma.

3.4.2 Subjects and Methods

An additional two normal male volunteers (aged 38 and 43)
were sampled at the same time as the hyperparathyroid
patients giving a total of eight normal healthy males (six
of these as described in Chapter 3.1) and eight patients
with 1°HPT studied. The patients with 1°HPT (age 32-79,
mean 52 years, 4 male, 4 female) were all hypercalcaemic
(serum adjusted Ca >2.6 mmol/L) with detectable or elevated
PTH(1-84) (4.8-68.0 pmol/L) on more than one occasion and
parathyroid adenomas were detected by technetium/thallium
subtraction scan in all cases. Six 1°HPT patients had
parathyroid adenomas (histological confirmation) removed
surgically after neck exploration. Following operation all
six patients became normocalcaemic and PTH(1-84)
concentrations normalised. Patients with 1°HPT were
sampled over a 24h period on two occasions, 1) at least 2
months prior to surgery and, 2) at least 6 months following
surgery. During the study periods the patients were
hospitalised, they ate hospital diet at identical times,
were ambulant but avoided exercise and all lay down to
sleep at an identical time (2300h). The standard sampling

protocol was followed as described previously.
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PTH (1-84), NcAMP and PcAMP values showed a wide scatter in
patients with 1°HPT so, for clarity, the results were
calculated for each subject as percentage difference from
their 24h mean value. Statistical analysis was performed
using paired difference t-test to analyse significant
changes within 24h profiles. Mann-Whitney U-test was used
to analyse differences between groups. Circadian rhythm

parameters were calculated using the cosinor technique.

3.4.3 Results

Figures 11, 12, 13, 14 and 15 show the 24h profiles for PTH
(1-84), NcAMP, (each expressed as percentage of the
individual 24h mean), PcAMP, adjusted serum Ca and serum PO,
for normal subjects, 1°HPT patients pre and post surgery
respectively. The PTH (1-84) and NcAMP values throughout
the 24h periods in the three groups are summarised in Table
5. Cosinor analysis of the data for the five measurements

in each group studied are shown Table 6.

In comparison to the normal subjects the circadian rhythm
in both PTH (1-84) and NcAMP is lost completely in patients
with 1°HPT with no synchronised rise in PTH (1-84) or NcAMP
observed at any time during the 24h in these patients.

In normal subjects the greatest variability in PTH (1-84)
occurs between 0630-1000h. In patients with 1°HPT,
concentrations of PTH (1-84) occasionally fell within the
reference range during the 24h period and these results

coincided with normal values for adjusted Ca. In two

88



160 -
PTH Normal Males
% 24h Mean ] | l

120 I

- [ TR h
i ®al
80 1§ I,
A
40 ] 1 | 1 ) 1)

1330 1730 2130 0130 0530 0930 1330

160 -
Pre Surgery

120

80 1

40 1 T T T ! T T
1330 1730 2130 0130 0530 0930 1330

160 7
Post Surgery

120 A

80 A

40 ' T T ! T !
1330 1730 2130 0130 0530 0930 1330
Time 24h Clock

Figure 11 PTH (1-84) in normals, and 1°HPT patients pre
and post parathyroidectomy. Results are
expressed as % of 24 h mean + SEM of each value.
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patients with 1°HPT values for NcAMP within the reference
range were obtained intermittently throughout the 24h.

PcAMP was significantly higher in 1°HPT patients throughout
the 24h (p<0.001). There was no synchronised rhythm
present in 1°HPT and no prolonged trough in PcAMP overnight
although a decrease in PcAMP was observed on recumbency and
an increase on rising from sleep in the morning. Following
surgery PcAMP varied in a similar manner to the normal
subjects with the lowest PcAMP concentrations observed
early morning. Variability in PcAMP was greater in
patients with 1°HPT. Analysis of the data in 1°HPT
patients indicates that there may be 6 regular peaks of
PcAMP in a 24h period if a simple peak counting analysis
technique is applied to the data. A similar but less
obvious set of peaks can also be recognised in the normal
subjects. It is not immediately obvious from this data
what is stimulating this pattern of secretion and why these

peaks are bigger in 1°HPT.

Adjusted calcium varied very little during the 24h in both
groups. A transient, statistically significant decrease
(p<0.05) in mean adjusted calcium from 2.44 to 2.40 mmol/L
at 0130h in normals, and from 2.94 to 2.84 mmol/L at
midnight in patients with 1°HPT was observed when compared
with the group mean concentration between 1400-1800h. The
adjusted calcium mean concentration in the patient group
was predictably higher pre treatment (p<0.001) and was also

significantly lower post treatment (p<0.001) than in the
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normal subject group throughout the 24h period.

Serum PO, was significantly lower in the 1°HPT patients pre
treatment throughout the 24h (p<0.001). A marked
synchronized rhythm in phosphate was observed in all groups
with a transient decrease following the evening meal, which
was the main meal of the day, a significant nocturnal rise
and early morning fall being seen in all groups. The
percentage change in phosphate during the 24h was greater
in normal subjects and post treatment than in those with

1°HPT pre treatment.

3.4.4 Discussion

This study has shown that the circadian rhythm for PTH (1-
84) and NcAMP which is present in normal males is not
present 1in patients with 1°HPT but can be restored by
surgical removal of the parathyroid adenoma. Although the
profile of PTH (1-84) and NcAMP secretion is different in
patients post parathyroidectomy compared to normal males a
statistically significant circadian rhythm is restored
following operation. The subtle differences in the shape
of the profiles may reflect age and sex differences between
the groups not just the presence or absence of a single
pathology. Biological activity of PTH (1-84) has also been
restored to normal post operation as Jjudged by NcAMP
production and PcAMP profiles although examination of
individual profiles detects two patients whose biological

response remains blunted. In these two patients cosinor
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analysis of individual rhythms indicates a low mesor and
non significant amplitude for both PTH (1-84) and NcAMP.
It is possible that this is a refection of both the length
of time these patients were hyperparathyroid and the time

from operative removal of the adenoma.

These observations raise important questions for the
control of PTH (1-84) secretion in normal and abnormal
states and the subsequent action of PTH (1-84) at its
receptor. Previous studies have demonstrated a fall in
ionised calcium during the night in both normal subjects
and patients with 1°HPT (159). 1In this study we have also
shown a transient but significant lowering of adjusted Ca
in all groups between midnight and 0200h. The aetiology of
such a transient fall in calcium remains unclear. A
reduction in ionised calcium might be expected to trigger
a compensatory surge in PTH (1-84) secretion and therefore
provide the mechanism of the nocturnal rise in PTH (1-84)
in normal subjects and the subsequent increase in NcAMP.
However, this explanation appears to be an over
simplification, for it is known that continuous infusion of
calcium into normal subjects at a dose just sufficient to
obliterate the nocturnal fall in serum calcium does not
eliminate the nocturnal rise in PTH (130). Predictably,
infusion of calcium at higher doses leads to decreased
nocturnal PTH secretion (130,131). Methodological problems
also exist with the measurement of ionised calcium that

make interpretation of previous data difficult as protein
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effects may be contributing to changes in measured ionised
calcium (169). Clearly, therefore, factors other than
changes in ionised calcium concentration are important in
generating the circadian rhythm of PTH (1-84) in normal

subjects.

Patients with primary hyperparathyroidism have been shown
to respond to the lowering of serum calcium with increased
PTH secretion (170,171). It has been suggested that the
basis of 1°HPT is an alteration in the calcium-PTH set
point rather than autonomous secretion of PTH by the
parathyroid gland (172,173,174). In this study the absence
of a synchronised nocturnal increase in PTH (1-84) in
hyperparathyroid patients pre-op has been shown, despite
the detection of a transient lowering in adjusted calcium
consistent with the previous data on ionised calcium (159).
Although the precise incremental fall in serum calcium
required to produce a response in hyperparathyroidism has
not been defined in these patients, this 1is further
evidence against the fall in calcium being the sole trigger

to circadian changes in PTH (1-84).

If changes in calcium concentration do not fully explain
the circadian rhythm of PTH (1-84) then the influence of
phosphate must also be considered. This study demonstrates
a pronounced circadian rhythm of phosphate in normal
subjects and 1°HPT post parathyroidectomy. A small

decrease in phosphate which may be due to the movement of

92



phosphate intracellularly to support carbohydrate
metabolism, occurs following the evening meal. This small
decrease is followed by a much larger increase in phosphate
prior to the nocturnal surge of PTH (1-84). This increase
in phosphate could be regarded as the stimulus for PTH
release, which in turn would cause phosphaturia and the
observed subsequent fall in serum phosphate. Abolition of
the phosphate rise by fasting, until recently (Chapter
3.3), was believed to have no effect on PTH secretion with
claims that the nocturnal surge persists after a short fast
(130) . Furthermore, infusion of calcium in an appropriate
dose results in suppression of PTH secretion and an
exaggerated phosphate circadian rhythm (130,131). Thus it
would appear that phosphate has little or no influence on
secretion of PTH throughout the night, but that the PTH
status of the individual may well influence the extent of
the phosphate circadian rhythm. Further support for this
conclusion is obtained from the phosphate results in the
hyperparathyroid patients in this current study, for the
phosphate rhythm 1s attenuated in the presence of

consistently elevated PTH (1-84) concentrations.

An important incidental observation from this study is that
the discrimination between normal subjects and patients
with primary hyperparathyroidism is time dependent. Thus,
using PTH (1—84) as the discriminant, the optimal time for
sampling is 1000-1600h when the variability within and

between normal subjects is at its minimum. Similarly, this
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data suggests that the optimal time for sampling using
NcAMP as the discriminant is between 1100-1500h and not
early in the morning as recommended by previous authors

(46,175) .

The profile of PcAMP excretion is remarkably consistent
between the three groups studied. 1°HPT patients have a
significantly increased mean PcAMP throughout the 24h
period presumably reflecting increased PTH (1-84)
concentrations. It would appear that hormones making the
major contribution to the daily variations in PcAMP, and
hence the pattern of PcAMP secretion, are relatively

unaffected by the development of 1°HPT.

Further study is required to establish whether the loss of
the circadian rhythm of PTH (1-84) and NcAMP in 1°HPT is an
early event in the natural history of the disease or
whether it is a secondary consequence of increases in the
plasma calcium beyond critical threshold concentrations.
It will also be important to discover whether or not
restoring the circadian rhythms of PTH (1-84) and NcAMP in
patients post parathyroidectomy has any significance for

the metabolic bone disease observed in patients with 1°HPT.

Combining all the currently available data leads to the
conclusion that changes in calcium and phosphate, either
alone or in combination, can not fully explain the

circadian rhythm of PTH (1-84) and parallel changes in
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NcAMP. A component of neuroendocrine control may exist and
concerted effects of hormones are probably required to

control the end organ responses and cAMP generation.
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Chapter 4

The Effects of Thyroid Status on cAMP Metabolism
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4.1.1 Introduction

Alterations in calcium and skeletal metabolism are well
recognised in patients with thyroid disease. Prolonged
hyperthyroidism 1is associated with negative calcium
balance, increased bone turnover, reduced bone density,
decalcification and fractures (176,177,178,179,180,

181) . Hypothyroidism is characterised by decreased rates
of skeletal turnover (177,182,183) and treatment of
hypothyroidism results in a rapid decrease in bone density
in some patients (184). The precise mechanisms for these
changes are still poorly wunderstood and conflicting
evidence exists on the concentrations of immunoreactive
parathyroid hormone (iPTH) present and cAMP metabolism in
thyroid disease. In hyperthyroidism some studies have
demonstrated suppressed iPTH (180,185,186,187), others have
observed no change in iPTH concentration (181,188,189) and
more recently no change in intact PTH (190). Several
groups have reported an increased excretion of UcAMP in
hyperthyroidism (28,191,192) and an elevated PcAMP
(28,189,193). An elevated UcAMP contrasts with suppressed
iPTH since UcAMP is mainly dependent on PTH activity
(45,54,61) . However, as discussed earlier, it 1is more
correct to determine NcAMP as an index of PTH action at the
kidney (67,46) and a study measuring NcAMP has found lower

concentrations in patients with hyperthyroidism (189).

Some authors have argued that alterations in thyroid status

modify the end organ responses to PTH with claims that

97



excess thyroid hormone sensitizes and deficient thyroid
hormone blunts the responsiveness of bone to PTH (187) and
that hypothyroidism impairs the renal response to PTH

(147) .

Comparison of previous studies is complicated by the fact
that the immunoassays used to measure PTH have been
relatively insensitive and of variable specificity. The
recent development of immunoradiometric assays
(100,101,129) measuring intact PTH (PTH 1-84) has improved
clinical discrimination in diseases of calcium metabolism
(101,156) and has enabled small changes in PTH (1-84)
concentration to be demonstrated even within the reference
interval (Chapter 3, 134). In this chapter the
relationship between serum PTH (1-84) concentrations and
indices of PTH activity in thyrotoxic, hypothyroid, treated
hypothyroid patients and euthyroid controls has been

examined.

4.1.2 Patients and Methods

All patients were attending a thyroid outpatient clinic.
In total 35 newly diagnosed hyperthyroid, 20 newly
diagnosed hypothyroid, 35 treated hypothyroid patients and
30 euthyroid volunteers were studied. Hyperthyroidism,
hypothyroidism or euthyroidism was diagnosed following
clinical examination, estimation of total thyroxine (TT,),
total triiodothyronine (TT,), thyroid stimulating hormone

(TSH) , thyroid antibodies and, where appropriate, thyroid
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scan. Hypothyroid patients all received treatment with
thyroxine following diagnosis. All treated hypothyroid
patients had received thyroxine replacement therapy for a
minimum of 3 months and were considered to be clinically
euthyroid with thyroid function tests within the reference
ranges for a patient on thyroxine (194). In this study
measurements of TT,, TT,, TSH, PTH(1-84), PcAMP, UcAMP,
serum albumin, serum and urine calcium, phosphate and
creatinine were performed on appropriate samples as
outlined Chapter 2. NcAMP was calculated by the method of
Broadus et al (46) and serum calcium adjusted for albumin
as described previously (106). Statistical analysis was
performed using a Kruskal Wallis (ANOVA) test to detect
significance for each measurement for the four study groups
prior to applying the Mann-Whitney U-test to compare

between group significance.

4.1.3 Results

The thyroid function test results for each category of
subject studied are given in Table 7. These results
confirm biochemical hyperthyroidism, hypothyroidism and
euthyroidism. The expected increased mean TT, and decreased
TSH is observed in patients receiving thyroxine replacement

therapy (194).

PTH (1-84) concentrations and NcAMP are shown for
comparison in the scattergrams (Figure 16). As can be seen

PTH (1-84) was undetectable (<0.5 pmol/L) in 10/35 patients
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with hyperthyroidism and in 8/30 treated hypothyroid
patients for the purposes of statistical comparison
patients with undetectable PTH (1-84) have been assigned a
value of 0.5 pmol/L. PTH (1-84) is elevated in 6/20
patients with hypothyroidism. In contrast NcAMP is
undetectable in only 6/35 hyperthyroid patients and in only
2/35 treated hypothyroid patients. In hypothyroid patients
NcAMP is lower than would be predicted by the PTH (1-84)
concentrations with only 2/20 patients having elevated

NcAMP.

Table 8 shows the values obtained for adjusted Ca,
calcium/creatinine ratio, PcAMP and UcAMP in the subjects
studied. Significant differences for these measurements
are given for comparison between thyrotoxic, hypothyroid,

treated hypothyroid patients or euthyroid controls.

Hypercalcaemia was present in 8 patients with
thyrotoxicosis. PTH (1-84) was undetectable in these 8
patients. All treated hypothyroid patients were
normocalcaemic.

4.1.4 Discussion

Modern assays for serum PTH (1-84) overcome the sensitivity
problems experienced in earlier studies of PTH in thyroid
disease. It is clear from these results that mean intact
PTH concentrations are decreased 1in thyrotoxicosis and
increased in hypothyroidism. In thyrotoxic patients the

relative decrease in PTH (1-84) would appear to be a
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physiological response to an increase in mean serum Adj Ca.
8 thyrotoxic patients with PTH (1-84) wvalues below the
detection limit were hypercalcaemic (Adj Ca >2.6 mmol/L)
and the mean Adj Ca level was increased relative to
controls in thyrotoxicosis. This increase in serum calcium
is probably due to Ca release from bone as a result of
direct effects of endogenous thyroid hormones on skeletal
metabolism. PTH (1-84) is the active circulating form of
PTH and in thyrotoxic patients indices of PTH activity are
consistent with decreased serum PTH (1-84) concentrations:
NcAMP is decreased, TmPO,/GFR is elevated and Ca/Cr ratio is

elevated.

In hypothyroid and treated hypothyroid patients the
correlation between PTH (1-84) and indices of PTH activity
is weaker. Hypothyroid patients have relatively higher PTH
(1-84) 1levels than euthyroid controls and this is
associated with normocalcaemia. NcAMP 1is lower than
expected for the observed PTH concentrations, TmPO, is
higher and Ca/Cr ratios lower than normal. These indicate
that there is relative end organ resistance to PTH (1-84)

in hypothyroid patients.

Impaired responses to exogenous PTH have been demonstrated
in hypothyroid patients (187,147) and the reasons for this
may be due to the effects of thyroid hormone status on
adenyl cyclase (149,195) and cAMP phosphodiesterase

activity (148,149,196). Hypothyroid animals have decreased
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adenyl cyclase with either increased or normal
phosphodiesterase activity which results in decreased cAMP
production. It is likely that cAMP production is affected
similarly in all cells and this would explain the increased
PTH (1-84) observed in hypothyroid patients but absence of

hyperparathyroid symptoms.

Hypothyroid patients on thyroxine have a mean PTH (1-84)
concentration that is lower than normals. This 1is
associated with a relatively increased NcAMP, a lower TmPO,,
a non statistically significant higher mean Ca/Cr ratio and
normocalcaemia. Thyroxine therapy has been associated with
reduced bone density (184,197) and it has been suggested
that this may be due to either increased sensitivity to PTH
or a direct effect of exogenous thyroid hormones (198).
These results would indicate that at the kidney, although
PTH (1-84) is 1lower than normal, cAMP production is
increased. This may be due to an increase in adenylate
cyclase activity and a decrease in cAMP phosphodiesterase
activity, as has been observed when hypothyroid rats were
treated with thyroxine (148). The cAMP responses observed
are therefore likely to be secondary to thyroxine therapy
and the decreased PTH (1-84) concentrations a consequence
of thyroxine action on skeletal metabolism. The
combination of relative PTH suppression and thyroxine

induced bone resorption resulting in osteopenia.
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These observations have demonstrated the significant
changes in intact PTH concentrations that occur in thyroid
disease and when taken in conjunction with indices of PTH
activity help to explain the mechanisms involved in calcium
metabolism in these patients. Treated hypothyroid patients
have subtle differences from euthyroid controls that may
begin to explain why these patients have a relatively
reduced bone density. Whether these differences are the
result of over replacement with thyroid hormones or simply
a consequence of the differences between endogenous thyroid
hormone production and exogenous thyroxine therapy will

require further investigation.
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Chapter 5

Adrenocorticotrophic and Glucocorticoid

Effects on Plasma and Urine cAMP
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5.1 Adrenocorticotrophin Effects on Plasma cAMP

5.1.1 Introduction

The list of hormones whose effects are mediated through
cAMP or can modify cAMP mediated events continues to
increase. Most of the data on c¢AMP production has been
obtained by studying in-vitro systems and the knowledge on
in-vivo effects of many hormones is minimal. This is
particularly true of the effects of glucocorticoids and
those hormones involved in the hypothalamic-pituitary-

adrenal axis.

The synthesis of steroid hormones involves up to five
different steroid hydroxylases belonging to the cytochrome
P450 superfamily (199) and the rate limiting reaction is
catalysed by an enzyme complex comprising adrenodoxin
reductase, adrenodoxin and cholesterol side-chain cleavage
cytochrome P450 (P450,.). Synthesis of P450,.. is induced by
adrenocorticotropin (ACTH) through the mediation of cAMP
(200) . Evidence for the role of cAMP in steroidogenesis
has accumulated over many years. Early observations on the
effects of exogenous cAMP (201,202), then ACTH action on
adrenal quarters (203) and perfusion of adrenal cells (204)
all suggest an important role for cAMP in the control of
adrenal steroid production. Most recent data suggests that
cAMP activates cAMP-dependent protein kinases and these are
capable of activating pathways linked to the stimulation of

steroidogenesis (205,206,207,208).
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Bovine adrenocortical cells in primary culture respond to
ACTH and adrenaline stimulation by increasing intracellular
cAMP and releasing cAMP into their culture medium (209).
The rate of release of cAMP from ACTH stimulated adrenal
cells 1is slower (204) than that observed from PTH
stimulated renal cells (55) which suggests that a time
delay in cAMP production may exist in adrenal cells or that
the rate of release via the cell membrane is slower in such
cells. It is conceivable that circulating cAMP in plasma
may be affected by ACTH secretion and that supra
physiological doses, such as those used during a synacthen
test, may cause an increase in circulating cAMP. Initially
in this chapter cAMP production in normal subjects in

response to ACTH administration has been studied.

5.1.2 Subjects and Methods

23 healthy volunteers (age 18-59, mean 32, 14 male, 9
female) were studied after an overnight fast. A venflon
cannula 18G was inserted in a vein in the ante cubital
fossa at 0900h. All subjects remained seated throughout
the test and consumed no food or drink during the test. At
1000h a baseline blood sample (10 ml) was taken prior to
intra-venous injection of 0.25 mg Tetracosactrin
(Synacthen) in 5 ml sterile water via the cannula. Further
blood samples were obtained at 2.5, 5, 10, 15, 30, 60 min
following synacthen injection. 8 of the above volunteers
were sampled on a second occasion after insertion of a

venflon cannula 1in the median cubital fossa with the
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cannula flushed with saline after each sample. Plasma
cortisol, cAMP and PTH (1-84) were measured as described
previously. Statistical analysis was performed using
paired t-test within each study and Mann-Whitney U test

between studies.

5.1.3 Results

Figures 17 and 18 show the cortisol, PcAMP and PTH (1-84)
response in the subjects studied during the control period
and following administration of synacthen (mean + SD). The
time profile for the increase in both plasma cortisol and
cAMP are similar for Synacthen with a significant elevation
of these analytes occurring 5 min after Synacthen
injection. Cortisol and PcAMP continue to increase over
the 60 min following Synacthen injection. The magnitude of
the responses are different with the plasma cortisol
doubling after 30 min and PcAMP increasing by approximately
30% over the same period of time. There is no significant
change in cortisol or PcAMP in the control study and no
significant differences in PTH (1-84) in either study
period. Individual cortisol and PcAMP responses following
Synacthen are shown Figure 19 which demonstrate the

consistency in response in all the subjects studied.

5.1.4 Discussion

A highly consistent response to Synacthen is observed in
all subjects studied with a remarkable similarity in the

timing of the profiles for both cortisol and PcAMP. It
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Figure 17 Cortisol and PcAMP response to 0.25 mg synacthen
in normal subjects.
Significance compared to baseline * p < 0.01,
** p < 0.001.
Results are expressed as mean + SEM.
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Figure 18 PTH (1-84) response to 0.25 mg synacthen in

normal subjects.
Results are expressed as mean + SEM.
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Figure 19 1Individual cortisol and PcAMP responses to
0.25 mg synacthen in normal subjects.



would be expected that if Synacthen was the major stimulus
to PcAMP release the rise in PcAMP would have occurred
earlier than the rise in cortisol and would be much shorter
in duration than the cortisol rise. The rise in PcAMP
after PTH infusion is immediate and the peak cAMP response
is observed within 5-10 min, reflecting the short half life
of PTH and the transient receptor mediated generation of
cAMP (55). In contrast the PcAMP response to Synacthen is
delayed until cortisol rises at 5 min, parallels the rise

in cortisol and remains elevated at 60 min.

PTH (1-84) secretion remains unaffected by either Synacthen
injection or cortisol secretion in this study and so the
changes in PcAMP observed are not due to PTH mediated cAMP
generation. From the data available it would appear that
the increase in PcAMP that occurs following synacthen
injection is due to cortisol production and a general
systemic effect rather than the action of Synacthen on the
adrenal. Glucocorticoids are known to enhance cAMP
accumulation in cell cultures (210) which may be due to
increased receptor number (211,212,213) or reduced
phosphodiesterase activity (145,214,215,216,217), although
most of these effects require prolonged exposure to the

steroid for a period greater than 12h.

The short term effects of glucocorticoids resulting in
secondary hyperparathyroidism reported by Fucik et al (218)

have not been confirmed by this current experiment and this
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may be a reflection of the relatively lower 1level of
endogenous cortisol produced following Synacthen injection
compared to the rise in glucocorticoid observed following
administration of exogenous glucocorticoid. Chronic
exposure to glucocorticoids 1in man also results in
increased secretion of PTH (219) and so the available data
would appear to indicate that in order to stimulate PTH
secretion glucocorticoids need to be administered at
relatively high concentrations or for a long period of

time.
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5.2 Glucocorticoid Effects on cAMP Metabolism

5.2.1 Introduction

Enhanced c¢AMP accumulation 1in response to hormone
stimulation has been observed in several cell types when
glucocorticoids are added to culture media (210). The
mechanism of this effect varies amongst cells of different
tissues. In astrocytoma, neutrophil and human lung cells
glucocorticoids increase the number of f-adrenergic
receptors (211,212,213). In fibroblast, hepatoma,
lymphocyte and a variety of bone derived cell types there
is a reduction in phosphodiesterase activity in response to
glucocorticoids (145,214,215,216,217). In the osteosarcoma
cell 1line dexamethasone increases adenylate cyclase
activity (220,221), increases hormone receptors and the

abundance of the regulatory G, protein (222).

Most of the observed effects of glucocorticoids on cAMP
production by cultured cells require exposure to the
steroid for a minimum of 12h and the continued presence of
steroid during hormonal stimulation. Some authors have
reported increased cAMP generation in eukaryotic cells
(223,224,225) and erythrocytes (226) when exposed for short
time periods (5-60 min) to pharmacological concentrations

of glucocorticoids.

Little is known about the in-vivo effects of

glucocorticoids on cAMP production, although this has
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obvious importance for patients receiving glucocorticoid
therapy. One study has failed to demonstrate any effect of
acute or chronic treatment with dexamethasone on the PTH-
induced rise of cAMP by rat kidney (227) but it has been
reported that acute and chronic glucocorticoid treatment in
man results in secondary hyperparathyroidism (218,219) and

this would be expected to increase cAMP production.

In this section of Chapter 5 the acute effects of
dexamethasone, given as part of a standard overnight
dexamethasone suppression test, on PTH (1-84), plasma,

urinary and nephrogenous cAMP have been investigated.

5.2.2 Subjects and Methods

21 healthy volunteers were studied (age 17-61 years, mean
31, 14 male, 7 female) on two consecutive mornings pre and
post an overnight Dexamethasone suppression test (2 mg
dexamethasone orally at 2300h). Each subject acted as
his/her own control and emptied their bladder at 2300h then
collected all urine voided until 0900h the next morning.
A blood sample was obtained by venesection at 0900-0930h.
All biochemical measurements were performed as described
previously. Statistical comparisons were performed using

the paired t-test.

5.2.3 Results
Table 9 compares the results obtained in the control period

and post dexamethasone. Dexamethasone caused a significant
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decrease in urine cortisol, total UcAMP and NcAMP but had
no effect on PTH (1-84) or PcAMP obtained at 0900h in the
morning following dexamethasone. The individual responses
to dexamethasone for cortisol, NcAMP, UcAMP and PcAMP are
given in Figures 20 and 21 which confirm that all subjects
studied responded to dexamethasone by suppressing urinary
cortisol and 18 out of 21 decreased NcAMP production.
PcAMP showed the greatest variability with an increase in

PcAMP observed in 12 and a decrease in 9 subjects.

5.2.4 Discussion

Dexamethasone resulted in the well recognised suppression
of urinary cortisol in all subjects studied (228,229).
Associated with this effect was a significant decrease in
total UcAMP and NcAMP. Although a variable response in
PcAMP was observed, overall there was no significant
difference in PcAMP following dexamethasone. The main
contributor to the decrease 1in total UcAMP was the
nephrogenous component. The significant decrease in NcAMP
may be due to a number of factors. NcAMP production will
decrease 1in response to a decrease in a) plasma PTH
concentration b) the number of PTH receptors on the renal
tubular cell surface c¢) PTH receptor recycling and d)
adenylate cyclase activity. Cyclic AMP breakdown may be
enhanced by an increase in phosphodiesterase activity or by

alterations in the renal handling of cAMP.
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Figure 20 Cortisol and NcAMP responses to an overnight
dexamethasone suppression test in normal
subjects.
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Figure 21 UcAMP and PcAMP responses to an overnight
dexamethasone suppression test in normal
subjects.



In this study the significant effects on cAMP metabolism
may be caused directly by dexamethésone or indirectly
through the resultant decrease in cortisol. Studying the
effects of these hormones on cAMP production in-vitro and
in animal models has given conflicting results. In cell
culture systems dexamethasone enhances c¢cAMP production
(222) whilst in rat kidneys dexamethasone has little effect
on the PTH mediated generation of CAMP (227) .
Hydrocortisone and dexamethasone has been shown to enhance
the response of ROS 17/2.8 cells in culture to PTH
resulting in a dose-dependent increase in cAMP production
(220,221). The current study suggest that the decrease in
circulating cortisol in response to dexamethasone may have
caused the decrease in NcAMP possibly by altering the

kidney cell response to PTH.

At the time this study was being performed the detailed
knowledge on the circadian rhythm of PTH (1-84) was not
known and so the possibility exists that the dexamethasone
test acutely suppresses PTH (1-84) secretion and interferes
with the nocturnal rise in PTH (1-84) resulting in the
decrease in NcAMP production. However, the failure of the
increase in cortisol in response to Synacthen to influence
PTH secretion acutely (Chapter 5.1) would suggest that this
is unlikely. PTH (1-84) measurements were  not
significantly different at 0900-0930h but this does not
exclude the possibility of overnight effects and so further

study is required to fully explain these findings.
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In view of the apparent failure of hydrocortisone to
suppress the action of PTH in patients with 1°HPT
(Hydrocortisone or Steroid Suppression Test,
230,231,232,233) together with the results of this study
and the ACTH stimulation study it would appear that
dexamethasone and cortisol effects on cAMP metabolism in

humans merit further study.
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Chapter 6

PTH(1-84), PTHrP and cAMP in

Primary Hyperparathyroidism
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6.1.1 Introduction

Total urinary cAMP (UcAMP) is a combination of filtered
cAMP derived from the circulation and cAMP produced by the
kidney, nephrogenous cAMP (NcAMP). Between 40-45% of the
UcAMP and 90-95% of the NcAMP is produced as a consequence
of PTH action on the kidneys (46,67,68). NcAMP has been
proposed as an accurate indicator of PTH function but
published positive correlations between immunoreactive PTH
and either UcAMP or NcAMP, although always significant,
vary from strong to weak (r = 0.76 to r = 0.31)
(46,67,69,71,93). There are a number of possible reasons
for the wvariability and 1low correlations observed.
Immunoassays for PTH used in the 1970s and early 1980s were
subject to several technical and biological problems,
including the heterologous nature of the assays and the
heterogeneity of circulating forms of PTH. This meant that
the assays often measured inactive fragments of PTH which
may be present in the circulation especially in patients
with renal impairment. Inaccuracy in the measurement of
PTH is likely to be an important factor in the variable

correlations with NcAMP.

Hyperparathyroidism with persistent elevations of PTH
results in a down regulation of PTH receptors with a
reduced cAMP and phosphaturic response to PTH stimulation
(234,235,236,237,238,239) . The precise length of time
required to develop this down regulation and its effect on

basal NcAMP production in 1°HPT is unknown but infusion of
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bovine PTH for 2h at a rate of 500 units/h results in
impairment of the cAMP response to PTH injection which

lasts for 12-18h (234,236).

There are several problems inherent in NcAMP estimations as
outlined in chapters 1,2 and 3. Inaccuracy may be
introduced due to marked PcAMP variability and unrecognised
spikes in PcAMP concentrations (Chapter 3). Consistency in
duration and timing of both urine and plasma sampling is
required to eliminate variability. Measurement of cAMP has
to be performed with as precise and specific an assay as
possible with sample dilutions targeted at the part of the
immunoassay curve which results in the best assay

precision.

Calcitropic hormones other than PTH may also play a role in
NcAMP production in 1°HPT. Immunoassays for parathyroid
hormone related protein (PTHrP) have recently Dbeen
developed and some authors have detected elevated levels of
PTHrP in a high percentage of patients with 1°HPT (240).
Parathyroid adenomas have DNA and mRNA for PTHrP present in
significant quantities as well as expressing PTHrP
(241,242,243) . There 1is also evidence to suggest that
fetal parathyroids express PTHrP in preference to PTH and
that PTHrP is the major fetal calcitropic hormone in some
species (244,245). It is therefore possible that PTHrP may
be secreted by the parathyroid gland in 1°HPT and this

would affect PTH correlations with NcAMP.
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Recent advances 1in assay technology has 1led to the
development of immunometric assays which measure the intact
molecule of PTH (PTH (1-84)) without interference from PTH
fragments. The sensitivities and specificity of these
assays allows PTH (1-84) to be measured in the low

picomolar range and has improved the discrimination between

normals and patient groups such as 1°HPT, HCM,
hypoparathyroid and secondary hyperparathyroidism
(100,101,129). Immunoradiometric assays for PTHrP have

also recently become available (Chapter 9) with excellent
specificity and sensitivity and so it is now possible to
evaluate the relationship between PTH (1-84), PTHrP and

cAMP metabolism in patients with 1°HPT.

6.1.2 Patients and Methods

Over a two year period 62 patients with 1°HPT were
prospectively included in the study. There were 24 males
and 38 females (29 - 82 years, mean 56). All patients were
hypercalcaemic on more than one occasion (calcium adjusted
for albumin greater than 2.65 mmol/L) with a PTH (1-84)
concentration on the same specimen greater than 3.0 pmol/L.
In 46 patients an adenoma or hyperplastic parathyroid
glands have been removed surgically, in 48 patients an
adenoma was detected either by wultrasound or Dby
technetium/thallium subtraction scan, in 16 patients the
diagnosis is currently based on the clinical, radiological
and biochemical findings since these patients have negative

technetium/thallium scans and are unwilling or unfit for
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operation. In 4 of 16 patients a previous selective venous
catheterisation of the neck veins indicated an increase in

iPTH on the left side of the neck.

Blood samples were obtained by standard venesection in the
middle of a timed urine collection obtained between 0900-
1400h. All patients were asked to void urine prior to
collection of the timed sample (4h) which was obtained by
spontaneous voiding. Patients remained recumbent for at
least 15 min prior to blood sampling and were allowed to be
ambulant but avoided exercise throughout the time of the
urine sample collection. Blood was collected into tubes
containing 1lithium heparin, EDTA, EDTA with protease
inhibitors and no anticoagulant. Plasma was separated
within 30 min and stored frozen -70°C prior to analysis.
Serum was obtained after 30-45 min and stored either frozen
(-70°C) or refrigerated (4°C) prior to analysis. All urine
voided during the timed collection period was collected in
one sterile container containing no preservatives, volumed

and an aliquot stored frozen (-20°C) prior to analysis.

PTH (1-84), plasma and urine c¢AMP, PTHrP and routine
chemistries were all measured as described in Chapter 2.
NcAMP was calculated as described by Broadus et al (46).

Statistical differences between groups was evaluated using
the Mann-Whitney test and correlation coefficients were

determined as described Chapter 2.
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A subgroup of 12 patients with proven 1°HPT were followed
for a period of 6 months. Patients were selected
prospectively and randomised into a double blind placebo
controlled study to receive either placebo or 100 mg
atenolol daily for 6 months. Patients were sampled monthly
as described previously and within group comparison of data
performed using Student’s paired t-test and between groups

comparison by Mann-Whitney test.

6.1.3 Results

The baseline values for Adj Ca, PO,, PTH(1-84), PTHrP,
PcAMP, UcAMP and NcAMP are given in Table 10. Adj Ca, PTH
(1-84), PcAMP, UcAMP and NcAMP were higher than the
reference range in 100%, 87%, 24%, 81% and 90%
respectively. PO, was lower than the reference range in 16%
of patients. PTHrP was increased above the reference range
(2.7 pmol/L) in only 2 patients (3%), was above the assay
detection limit (0.7 pmol/L) in another 5 (8%) and was

below the assay detection 1limit in the remaining 55

patients (89%) .

The correlation of PTH (1-84) with NcAMP is shown in Figure
22a. It 1is notable that a subset of patients exist
(outlined in Figure 22a) whose NcAMP values are such that
they appear discordant with the measured PTH (1-84). In
all cases the level of NcAMP is far higher than expected
for the measured PTH (1-84). If this group of patients are

removed from the analysis the r value for the correlation
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Figure 22 Linear regression of PTH (1-84) and NcAMP in
1°HPT patients a) including all results
obtained b) excluding results were NcAMP is
deemed inappropriate for PTH (1-84).



between PTH (1-84) and NcAMP increases (Figure 22b). In
one of the patients in this subgroup PTHrP was elevated and
if the PTHrP and PTH (1-84) values for that patient are
added together (assuming PTHrP and PTH (1-84) to be
biologically equipotent in-vivo) the correlation with NcAMP
for that patient is much stronger. A plot of PTHrP added
to PTH (1-84) for all patients where the measurements are
available is shown Figure 23. The correlation obtained in
this comparison is little different from that obtained when
PTH (1-84) and NcAMP are compared for all patients studied.
The variation in PTH (1-84), NcAMP (Figure 24), UcBAMP and
PcAMP (Figure 25) for the 12 patients studied over a 6
month period are shown for placebo and atenolol treated
patients. Although the wvariability in PTH (1-84) was
greater than that in NcAMP, reflecting the greater error of
estimation for NcAMP, there was remarkably 1little
difference in the values obtained in the majority of the
patients over the study period. No significant difference
in any measurement was observed between the two groups at
any time point. Correlations between PTH (1-84) and NcAMP
for this group of 12 ©patients remained remarkably
consistent throughout the period of study in both placebo
(P1-P6) and atenolol (P7-P12) treated patients (Figure 26).
In particular 2 patients who had NcAMP that was identified
as inappropriate for the PTH (1-84) maintained the same
correlations over the period of study whether receiving

placebo or atenolol (Figure 26).
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and NcAMP in 12 patients (P,-P,,) with 1°HPT
sampled monthly for 6 months.



6.1.4 Discussion

Correlations between PTH and NcAMP have varied markedly in
published studies although they have always been positive
and significant (46,67,69,71,93). In this study one of the
strongest and highly significant correlations between the
two measurements has been obtained and this is due to a

number of factors.

Improvement in the measurement of PTH with estimation of
the major circulating biologically active molecule PTH (1-
84) is a major factor. The current generation of PTH (1-
84) IRMAs are able to measure the intact PTH molecule with
excellent specificity and accuracy without interference
from fragments of PTH (100,101,129) and should therefore
correlate better with the in-vivo biological estimate of
activity NcAMP. It is possible that PTH (1-34) could
contribute to biological effects but in studies performed
on humans using infused PTH (1-34) the half life of this
molecule was found to be relatively short (t 1/2 = 2.5 min)
and in all subjects measured to date, including patients
with 1°HPT, PTH (1-34) circulating concentrations were <
0.5 pmol/L (246). It would appear that in most studies the
molecule of major biological significance in-vivo is PTH

(1-84) .

The current generation of RIAs for cAMP have excellent
performance characteristics and will contribute to the

improved correlation between PTH (1-84) and NcAMP.
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Variability in NcAMP is greater than that in PTH (1-84),
with repeated estimates, which is not surprising since
NcAMP 1is a derived value calculated from 4 measurements.
In those patients who were studied over 6 months there was
little change in either the measurement of PTH (1-84) or
estimate of NcAMP and the correlation between the two
remained remarkably constant. This may in part be due to
our use of urine collections over a relatively short time
period under close supervision rather than 24h wurine
samples with the associated difficulty of ensuring accurate

collections.

It is known that the presence of hypercalcaemia, Vitamin D
abnormalities and 1°HPT can alter the cAMP response to PTH
and down regulation of receptors will occur in patients
with 1°HPT (234,235,236,237,238,239). In 12 patients
studied for 6 months, however, there was little change in
either PTH (1-84) or NcAMP in the majority of patients and
this confirms that any changes that take place in 1°HPT

probably occur very slowly over a long period of time.

An early study of PTHrP measurements in patients with 1°HPT
indicated 30% of 1°HPT patients were producing PTHrP
simultaneously with PTH (1-84) (240). In subsequent
studies with more specific and sensitive assays for PTHrP
these initial findings have not been confirmed and taken
overall only a small percentage of 1°HPT patients have

circulating PTHrP levels of any significance (247,248,249,
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Chapter 8). 1In this current study only one patient had a
PTHrP level that would be considered as significantly
detectable and this was in one of the patients in whom
NcAMP was inappropriate for the 1level of PTH (1-84).
Assuming equal biological potency in humans for equivalent
concentrations of PTHrP and PTH (1-84), then by addition of
these two calcitropic hormones the NcAMP production was
exactly as expected by the correlation statistics.
However, PTHrP was low or undetectable in the majority of
1°HPT patients in this study who had inappropriate NcAMP
for their PTH (1-84) concentrations and in 2 of these
patients the NcAMP production and PTH (1-84) concentrations
remained relatively constant over a 6 month period. It is
unlikely, therefore, that secretion of PTHrP by parathyroid
adenomas plays a significant part in the abnormalities of
calcium homeostasis that are observed in the majority of
patients with 1°HPT. There was no obvious reason, in the
remaining patients of this group, for the discordance
between PTH (1-84) and NcAMP. It 1is possible that
biologically active fragments of either PTH or PTHrP are
produced by these patients which are not recognised by the
IRMAs used in this study due to the epitopes that the
antibodies employed in the assay detect. The only other
significant difference observed was a lower PcAMP
concentration in these patients (P,, P,, P,) when compared
to the rest of the 1°HPT patients. This may indicate that
the renal production of cAMP selectively appears mainly at

the tubular luminal side of the renal cells or that other
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substances are circulating in some 1°HPT that can have
predominant effects on renal cAMP production, perhaps by
enhancing PTH (1-84) activity, whilst having little effect

on PcAMP.

An increased prevalence of hyperparathyroidism in
hypertensive patients has been reported (250) and also of
hypertension in patients with 1°HPT (251,252,253). The
precise mechanism of this hypertension is open to debate as
the evidence for the role of hypercalcaemia (254,255,256),
renal function (250,251,256), the renin-angiotensin system
(255,257,258), the sympathetic nervous system (259) and a
parathyroid hypertensive factor (PHF) (260) is conflicting.
Treatment of 1°HPT patients with parathyroidectomy has
variable effects on blood pressure when studies are
compared. Some show improvement or cure (251,255,261) while
others have found no significant change in blood pressure
following surgery (258,262,263,264,265). Alterations in
indices of calcium metabolism have been reported in
hypertensive patients treated with either propranolol,
bendroflumethiazide or verapamil (266). Hvarfner reported
an increase in ionised calcium and phosphate and decreased
PTH (by RIA), free fatty acids and glycerol in hypertensive
patients treated for 6 months with propranolol. This
previous publication raised the possibility that B-blockers
might modify PTH secretion and calcium metabolism in
patients 1°HPT. In this current study there was no

significant effect of atenolol on any measurement related
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to calcium homeostasis, although a small number of subjects
were studied over a relatively short period of time.
Despite this it is obvious that atenolol has no important
or dramatic effects on calcium homeostasis in the short

term.

In this study a significant correlation between NcAMP and
PTH (1-84) has been demonstrated that persists unchanged
for a significant period of time in a selected group of
1°HPT patients. A subgroup of patients exists where NcAMP
production 1is apparently inappropriately high for the
measured PTH (1-84) and in a very small percentage of 1°HPT
patients this may be due to the simultaneous production of
PTHrP. The main factor influencing the amount of NcAMP
produced is the amount of circulating PTH (1-84) in
patients with 1°HPT. The factors that can further
influence the NcAMP produced for a consistent PTH (1-84)
level are not immediately obvious and further study will be
required to investigate these current findings in the

future.
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Chapter 7

cAMP Response to Bisphosphonate Treatment
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7.1 Comparison of the Daily Variation in cAMP Following

Pamidronate in Patients with Hypercalcaemia Associated

with Malignancy and Paget’s Disease of Bone

7.1.1 Introduction

The bisphosphonates are a group of pyrophosphate analogues
that are potent inhibitors of osteoclast-mediated bone
resorption. They are used in the treatment of bone
diseases associated with increased bone resorption such as
Paget’s disease (267,268,269,270,271), hypercalcaemia
associated with malignancy (HCM) (272,273,274,275,276) and
involutional osteoporosis (277). Pamidronate (3-amino-1-
hydroxypropylidene-1,1-bisphosphonate, APD) is one of the
more effective bisphosphonates in the treatment of Paget’s
disease and HCM and the effects of treatment on calcium and
phosphate homeostasis have been well documented
(272,273,274,276,278) . There is no unifying theory that
explains all the alterations in calcium and phosphate
metabolism that occur following pamidronate treatment, and
various mediators of the ionic changes have been postulated

(278,279,280) .

To date there have been no studies on the response of cAMP
to pamidronate therapy and studies on PTH have been limited
by assay technology with increases in plasma PTH only

observed when patients became hypocalcaemic (279).
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7.1.2 Patients and Methods

12 patients with Paget’s disease (4 male, 8 female, aged
51-63 years) were studied. All had their bone disease
confirmed by standard biochemical, radiological (X-ray,
radionuclide bone scan) methods and, where appropriate, by
histomorphometry. All were studied prior to and following
a single intravenous dose of 45 mg pamidronate, which was

given intravenously over 4h in 0.5 L of 0.9% NaCl.

12 patients with HCM (7 male, 8 female, aged 48-78 years,
Adj calcium > 2.7 mmol/L) were also studied. The origin of
the primary tumour in these patients was breast (3),
myeloma (2), lung (4), lymphoma (2) and genito-urinary
tract (1). 8 of the 12 patients had metastatic bone
disease confirmed by radionuclide bone scan and the tumour
load was estimated as being heavy in 2 and light in 6
patients. All patients were rehydrated over a 24h period
with a minimum of 2 L of intravenous 0.9% NaCl prior to the
administration of a single intravenous dose of 30 mg
pamidronate given over 4h in 0.5 L of 0.9% NaCl. Serum
creatinine concentrations were within the reference range
(60-130 umol/L) in 10 patients and elevated in 2 (150 and
180 umol/L) following rehydration. No patient developed

renal failure during the study.

In both groups of patients blood samples were obtained by
venesection prior to pamidronate treatment (day 0) and

daily thereafter for 7 days. All blood specimens were
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collected between 1000 and 1100h, and a timed 2-4h fasting
urine was obtained after discarding the first morning urine
specimen (as discussed Chapter 3). Serum, K-EDTA plasma

and urine were stored at -20°C prior to analysis.

All measurements were performed as described previously
(Chapter 2). Each series of samples for an individual

patient was analysed within a single batch.

Statistical analysis was performed using a Kruskal Wallis
(ANOVA) test to detect significance for each measurement
for each day prior to applying a paired difference t-test
to compare each sample point with the appropriate day 0

result for the patient.

7.1.3 Results

The mean (+ SEM) results for each measurement in the
patients with Paget’s disease are shown Figures 27 and 28.
Prior to therapy, the mean concentration of all analytes
was within the appropriate reference range. Following
pamidronate therapy, there was a small significant decrease
in serum adjusted calcium, within the reference range, on
day 2 (p<0.01) which was sustained throughout the remainder
of the study. A significant increase in NcAMP on day 4
(p<0.01), PcAMP on day 5 (p<0.05) and UcAMP on day 3
(p<0.05). PTH (1-84) increased significantly from day 2
(p<0.05) and continued to increase throughout the study

reaching a final mean value more than twice the upper limit
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of the reference interval. TmPO,/GFR decreased gradually to
a trough on day 4 (p<0.00l1) and remained at this low value

thereafter.

The mean (+ SEM) results for the analytes measured in the
patients with HCM are shown Figures 29 and 30. Following
rehydration, but prior to pamidronate therapy, all patients
had elevated concentrations of serum adjusted calcium
(range 2.85-3.95 mmol/L). 9 patients had PTH (1-84)
concentrations below the assay detection 1limit (0.5
pmol/L), whilst the other 3 patients had concentrations at
the low end of the reference range (0.9-1.1 pmol/L).
Despite this suppression of PTH (1-84), the mean NcAMP
concentration was significantly increased and was
"inappropriate" for the PTH (1-84) in 8 patients. The mean
TmPO,/GFR was also significantly decreased and was

"inappropriate" for the PTH (1-84) in 7 patients.

Following ©pamidronate therapy, there was a rapid,
consistent and continuing decrease in the serum adjusted
calcium in all patients, with the mean concentration
reaching the upper limit of the reference range on day 5.
PTH (1-84) concentrations remained suppressed for days 1-3
but increased significantly on day 4 (p<0.05) and continued
to increase, such that the mean concentration was above the
reference interval at the end of the study. The NcAMP,
PcAMP, UcAMP and TmPO,/GFR responses to pamidronate therapy

were complex. The initially subnormal TmPO,/GFR decreased
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significantly, reaching a nadir on day 5 (p<0.001) before
increasing significantly on the final day of the study
(p<0.01). NcAMP measurement showed a significant increase
from the elevated basal concentration to a peak on day 5
(p<0.01) and then decreased significantly from this wvalue
by day 7 (p<0.05). UcAMP had a similar profile to NcAMP
increasing significantly on day 5 (p<0.01l) and decreasing
significantly from this wvalue by day 7 (p<0.05). PcAMP
decreased significantly on day 3 (p<0.05) and increased
significantly on day 6 compared to day 0 (p<0.02).

No patient from either group became hypocalcaemic during
the study (all adjusted calcium results =22.20 mmol/L).
Serum phosphate concentrations decreased following
pamidronate from 1.05 (+ 0.04) to 0.76 (+ 0.05) mmol/L in
Paget’s disease and from 1.34 (+ 0.06) to 0.62 (+ 0.08)

mmol/1l in HCM (day 0 v day 7).

The concentrations of PTH (1-84) corresponding to adjusted
calcium values obtained for each patient following
pamidronate therapy are shown in Figure 31. The majority
of patients with Paget’s disease had detectable PTH (1-84);
in only one sample (adjusted calcium 2.55 mmol/L) was PTH
(1-84) undetectable. In patients with HCM having adjusted
calcium concentrations greater than 2.85 mmol/L, only 9.8%
of samples had detectable PTH (1-84) concentrations (1.0-
2.4 pmol/L); between 2.6 and 2.85 mmol/L, 75.9% of samples
had detectable PTH (1-84); below 2.6 mmol/L, 93.6% of

samples had detectable PTH (1-84) (0.8-19.0 pmol/L).
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bone (0) before and after APD. All results
obtained in the study for each patient are
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observations within the reference range for both
PTH (1-84) and adjusted calcium.



The mean rate of fall in adjusted Ca throughout the study
varied between patients from 0.06 to 0.27 mmol/day (mean
0.14). There was no relationship between this rate of fall
and the time after pamidronate at which serum PTH (1-84)

became detectable.

7.1.4 Discussion

The patients with Paget’s disease initially exhibited the
expected pattern of calcium homeostasis. Therapy with
pamidronate induced a rapid but small decrease in serum
calcium which was sustained throughout the study. This
effect is consistent with previous reports of pamidronate

therapy in Paget’s disease and results from reduced

osteoclastic resorption of calcium from bone
(267,268,269,270,271). Using the immunoradiometric assay
for PTH (1-84), it was ©possible to demonstrate a

significant increase in secretion coincident with the fall
in serum calcium. The concentration of PTH (1-84) rose
progressively during pamidronate therapy, despite the fact
that the serum calcium did not continue to fall after day
2 and despite the fact that no patient became frankly

hypocalcaemic.

This increased secretion of PTH (1-84) following
pamidronate therapy of Paget’s disease could also be
detected by measurement of indirect parameters of PTH
action. PTH acts via a renal tubular receptor and cAMP

second messenger to reduce the maximal tubular reabsorption
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of phosphate (TmPO,). Thus, the findings of decreased serum
phosphate, decreased TmPO,/GFR and increased NcAMP following
pamidronate therapy are <consistent with the known
biological effects of increased PTH (1-84) secretion

(46,281) .

Patients with HCM showed the expected combination of
hypercalcaemia and suppressed PTH (1-84) ©prior to
pamidronate therapy. However, the pretreatment
concentrations of TmPO,/GFR and NcAMP were decreased and
increased, respectively. Such observations are consistent
with the recognised excretion in a proportion of these
patients of PTHrP, a molecule that is structurally distinct
from PTH but which contains a striking homology in the N-
terminal amino acid sequence and so binds to the renal

tubular PTH receptor (77,78,79).

Pamidronate therapy to the patients with HCM produced the
expected sharp and prolonged decrease in serum adjusted Ca
(272,273,274,275,276). At the end of the study, the mean
calcium was within the reference interval with the range of
patient values from 2.25-2.80 mmol/L. Therefore, this
study confirms the effectiveness of pamidronate as a
therapeutic agent in HCM. Of particular interest, however,
were the PTH (1-84) results, for these showed a significant
rise on day 4 and a continuing increase to a mean
concentration above the reference interval. The initial

increase in PTH (1-84) occurred at a time when the mean
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serum calcium was above the reference interval, and the
highest PTH (1-84) concentrations above the reference range
occurred when the mean serum calcium was within the
reference interval with no subject hypocalcaemic. This
current data contrasts with a previous report that PTH
secretion only occurs as patients become hypocalcaemic
(279) . The data strongly suggest a resetting of the
'trigger point’ for PTH (1-84) secretion in patients with
HCM. The concept of an altered ’‘trigger point’ for PTH (1-
84) secretion may explain a number of conditions related to
altered calcium homeostasis (282). Previous studies using
acute changes in calcium have shown both rate of change and
direction of change to be important determinants of the PTH
response in normal subjects and patients with secondary
hyperparathyroidism (283,284). However, the data from this
study indicate that in HCM the absolute calcium
concentration is more important in ‘triggering’ PTH (1-84)
secretion than the rate of fall in calcium that can be
obtained following pamidronate therapy. The major clinical
implication for these results is related to the
interpretation of PTH (1-84) concentrations in patients
receiving pamidronate therapy. Confusion between the two
major causes of hypercalcaemia (1°HPT and malignancy) will
occur 1if a sample 1is obtained after treatment of
hypercalcaemia, as in some cases of HCM modest lowering of
Ca results in PTH (1-84) becoming detectable. It is clear
that a valid diagnosis will only be made on a sample taken

prior to any treatment being given.
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The observed changes in TmPO,/GFR and NcAMP following
treatment of HCM with pamidronate require careful
interpretation. If PTHrP is responsible for the abnormal
pretreatment concentrations of these parameters in some
patients, then the exacerbation of the abnormality
(decreasing TmPO,/GFR; increasing NcAMP) from days 2-5 after
pamidronate may suggest increased secretion of PTHrP at
this time, either as a direct consequence of the therapy or
as a manifestation of the natural history of the disease.
The paradoxical increase in TmPO,/GFR and decrease in NcAMP
on day 7 is especially interesting, as it occurs at a time
of increasing PTH (1-84) secretion and is suggestive of

decreased stimulation of the renal tubular PTH receptor.

This study was performed prior to the availability of
validated assays for measurement of PTHrP (Chapter 8) and
so the explanation of the results for NcAMP and TmPO, cannot
be as comprehensive as one would wish. In recent studies,
where PTHrP has been measured following pamidronate
therapy, there has been 1little or no change in PTHxP
concentrations in the week following treatment
(285,286,287) . These results may reflect differences in
patient selection since the most recent studies have in the
main analysed data on patients who had significantly
elevated PTHrP 1levels and hypercalcaemia. Further
investigation will be required to explain the NcAMP and

TmPO,/GFR results obtained in this current study.
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Chapter 8

Parathyroid Hormone Related Protein

and Cyclic Adenosine Monophosphate
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8.1.1 Introduction

Hypercalcaemia is a common finding in clinical practice and
has many possible causes (75). The important differential
diagnosis is between primary hyperparathyroidism (1°HPT)
and hypercalcaemia associated with malignancy (HCM).
Modern immunometric assays for PTH have the sensitivity and
specificity to distinguish 1°HPT from non parathyroid
causes of hypercalcaemia (100,101,129). It has been known
for some time that certain malignancies are associated with
the production of a humoral factor that has very similar
properties and actions to PTH. This factor can cause
hypercalcaemia, hypophosphataemia, increased nephrogenous
cyclic adenosine monophosphate (NcAMP), renal conservation
of calcium, phosphaturia and stimulate osteoclast
activation (73,78,288). The term humoral hypercalcaemia of
malignancy (HHM) was adopted to describe the syndrome of
HCM in association with the cardinal features of an
elevated NcAMP and a low or undetectable PTH (289). 1In the
late 1980s the humoral factor responsible for HHM was
cloned, sequenced and purified and because of the
remarkable N-terminal sequence homology with PTH was named
Parathyroid Hormone-Related Protein (PTHrP) (79,80) .
Immunoassays have recently been developed to measure PTHrP
and several in-house methods have been described which
provide direct evidence for the role of PTHrP in HHM
(247,249,290). These assays also offer the potential value
of diagnosing malignancy in those hypercalcaemic patients

where the PTH (1-84) measurement is low or undetectable.
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In this chapter the clinical value of first commercial
assay available for the measurement of PTHrP the Nichols
Institute (Allegro) PTHrP assay has been evaluated and the

relationship of PTHrP with NcAMP investigated.

8.1.2 Subjects and Methods

Four subject groups were studied, (i) 31 normal volunteers,
all fit, healthy, ambulant subjects, normocalcaemic not
taking any medication known to affect calcium metabolism
(mean age 32, range 19-60, female 11, male 20) (ii) 29 fit
ambulant elderly subjects (mean age 76 years, range 60-88,
female 17, male 12) (iii) 20 patients with 1°HPT (mean age
58, range 38-75, female 12, male 8) (iv) 95 patients with
HCM (mean age 61, range 42-85, female 39, male 46). All
patients with hypercalcaemia had an elevated adjusted serum
calcium (>2.7 mmol/L) on more than one occasion. 1°HPT was
diagnosed by the presence of hypercalcaemia and a serum PTH
(1-84) concentration greater than 3.0 pmol/L in all cases,
surgical removal of a parathyroid adenoma in 10 cases and
evidence of an adenoma on technetium/thallium subtraction
scan in 9 cases. In 88 patients with malignant disease the
primary tumour was identified by a combination of
radiology, surgery and histology; in 7 patients the primary
tumour was not identified. Bone metastases were diagnosed
by the presence of characteristic lesions that showed
increased tracer wuptake in radionuclide bone scans;

however, not all patients had bone scans performed.
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All subjects studied had venepuncture performed between
1000 and 1200h. Serum was obtained within 30 min for PTH
(1-84) assay, Li Heparin plasma for calcium, phosphate,
creatinine, albumin measurement, EDTA plasma for cAMP
measurement and all samples for PTHrP estimation were
collected into vacutainer tubes supplied by Nichols
Institute containing aprotinin (500 kallikrein units/L),
leupeptin (5 mg/L), Pepstatin (5 mg/L) and EDTA (100
mmol/L). Serum and plasma were stored at -70°C prior to
hormone and cAMP assay. A 2-3h timed urine (0900-1300) was
obtained on all normal volunteers, all 1°HPT patients and
61 patients with malignancy (urine was not available on all
patients with malignancy due to the severity of illness in

some patients).

PTH (1-84) was measured using an IRMA kit (Nichols
Institute, San Juan Capistrano, CA), PTHrP using an IRMA
kit (Nichols Institute, San Juan Capistrano, CA), plasma
cAMP using a commercial RIA kit (Amersham International,
Bucks), urine cAMP by an in-house RIA (Chapter 2) and NcAMP
calculated by the method described by Broadus et al (46).
Plasma calcium, phosphate, creatinine, albumin and urine
creatinine were measured by standard automated methods
(Technicon Tarrytown). Calcium was adjusted for albumin as
described by Gardner et al (106). PTHrP and PTH peptides
used in interference and recovery experiments were obtained
from Peninsula (Peninsula Laboratories Europe Ltd, St

Helens, Merseyside, UK).
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8.1.3 Results

Specificity of the PTHrP IRMA was assessed by the addition
of human PTH (1-34) and PTH (1-84) in 10, 100 and 1,000
pmol/L concentration. No cross reactivity or assay
interference was observed. The assay does not recognise

human PTHrP (1-34) fragments.

Parallelism of the assay was assessed by dilutions of 3 day
and 7 day human keratinocyte culture medium, known high
patient PTHrP samples and a spiked (PTHrP (1-86)) low

plasma pool. The results are shown in Table 11.

Replicate analysis of the =zero standard defines the
sensitivity of this assay as 0.3 pmol/L. A precision
profile obtained using 6 assays is given for comparison
(Figure 32). Using the 22% CV as an estimate of assay
sensitivity (98) a value of 0.7 pmol/L is obtained.

The degradation of PTHrP observed in plasma when no
protease inhibitors were included in the collection tubes

is shown Table 12.

Figure 33 shows the PTHrP and PTH (1-84) results obtained
in all subjects studied comparing normals against patients
with 1°HPT and HCM. PTHrP was greater than the detection
limit of 0.7 pmol/L in 78% of normals and a reference range
of <0.7-2.6 pmol/L has been established by calculating the
95% reference interval for the values obtained in these

subjects. All ambulant elderly patients had detectable
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PTHrP Concentration

Sample Dilution Observed Corrected for Dilution
(pmol/L) (pmol/L)
Plasma Undil 8.4 8.4
1:2 4.2 8.4
1:4 2.0 8.0
1:8 1.1 8.8
1:16 0.6 9.6
Plasma Undil 13.3 13.3
1:2 6.4 12.8
1:4 3.4 13.6
1:8 1.4 11.2
1:16 0.9 14.4
Keratinocyte Undil >44 .0 >44.0
Fluid (3 day) 1:5 26.0 130.0
1:10 14.0 140.0
1:20 6.1 122.0
Keratinocyte Undil 6.7 6.7
Fluid (7 day) 1:5 1.4 7.0
1:10 0.6 6.0
1:20 <0.3 -
Spiked plasma Undil 50.0 50.0
(PTHrP (1-86)) 1:2 26.0 52.0
1:4 13.4 53.6
1:8 7.6 60.8
1:16 3.5 56.0
1:32 1.6 51.2

Table 11 Parallelism of PTHrP Assay
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PTHrP values (range 0.7-2.8 pmol/L, mean 1.7 pmol/L), but
these were not significantly different from values for the

"young normal" subjects (range <0.7-2.5 pmol/L).

The distribution of PTHrP results in patients with HCM
subdivided into tumour type is shown in Figure 33. Table
13 gives the histological diagnosis in each patient.

The relation between PTHrP concentrations (values above the
detection limit) and NcAMP or adjusted Ca 1is shown in
Figure 34. A significant correlation exists between PTHrP
and NcAMP (r=0.63, p<0.01) and a weak correlation between
PTHrP and adjusted calcium (r=0.46, p=0.01). The
correlation was poor between PTHrP and serum phosphate
(r=0.28, p=0.10), total alkaline phosphatase (r=0.35,
p=0.05), serum creatinine (r=-0.19, p=0.28), and creatinine

clearance (r=0.21, p=0.14).

NcAMP was measured in 61 patients with HCM. 12 had low or
undetectable NcAMP (<10 nmol/L GF), leaving 49 patients
classified as having HHM. Of these 49, 24 had above-normal
PTHrP with low or undetectable PTH (1-84), 13 had
detectable PTHrP with low or undetectable PTH (1-84), 4 had
above normal PTHrP with above-normal PTH (1-84) and 8 had
low or undetectable PTHrP and PTH (1-84). A sub group of
patients is shown in Table 14 in whom the NcAMP value is
inappropriate for the calcitropic hormones PTHrP and PTH
(1L-84). The histological diagnosis is given for each

patient and it can be seen that a high percentage of these
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have been divided into broad groups based on the
primary source of tumour.



Tumour Type

Lung (n = 26)

Breast (n=11)

Genito Urinary
(n=14)

Gastrointestinal
(n=15)

Haematological
(n=14)

Ear Nose Throat
(n=7)

Others, unknown
(n=8)

Table 13

Histological diagnosis Elevated

PTHrP
12/26 46%
Squamous Carcinoma 9/14 64%
Small Cell Carcinoma 0/7 0%
Adenocarcinoma 1/2 50%
Unknown 2/3 67%
8/11 73%
Ductal Carcinoma 3/4 75%
Lobular Carcinoma 5/6 83%
Papillary Carcinoma 0/1 0%
9/14 64%
Carcinoma Cervix 1/1 100%
Carcinoma Ovary 0/1 0%
Carcinoma Kidney 1/3 33%
Transitional Cell 0/1 0%
Carcinoma Kidney
Hypernephroma 4/4 100%
Transitional Cell
Carcinoma Bladder 1/2 50%
Carcinoma Prostate 2/2 100%
5/15 33%
Adenocarcinoma Colon 0/5 0%
Adenocarcinoma Stomach 0/1 0%
Carcinoma Stomach 2/2 100%
Carcinoma Oesophagus 2/3 67%
Poorly Differentiated 0/1 0%
Carcinoma Oesophagus
Somatostatinoma Pancreas 1/1 100%
Carcinoma Rectum 0/2 0%
4/14 29%
Myeloma 4/9 44%
Lymphoma 0/3 0%
Leukaemia 0/2 0%
3/7 43%
Squamous Carcinoma Larynx 3/3 100%
Anaplastic Carcinoma Larynx 0/2 0%
Squamous Carcinoma Tongue 0/1 0%
Squamous Carcinoma 0/1 0%
Hypopharynx
3/8 38%
Melanoma 0/1 0%
Adenocarcinoma 0/3 0%
Poorly differentiated 0/1 0%
Carcinoma
Squamous Carcinoma 3/3 100%

Tumour analysis in Patients with HCM
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Figure 34 Linear regression of PTHrP and NcAMP and PTHrP
and adjusted calcium in patients with HCM.
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patients (62.5%) have small cell carcinoma of lung.

8.1.4 Discussion

PTHrP was elevated in a high percentage of patients with
gsolid tumours and in those patients with tumours associated
with HHM. These results add further weight to rapidly
accumulating data on the role of PTHrP as a mediator of
HHM. In patients with squamous cell carcinomas 68% had
elevated PTHrP, in keeping with recent findings
(247,248,249) and in patients with breast carcinoma 73% had
elevated PTHrP as was predicted using indirect measurements
of PTHrP action (291) and has been shown in more recent
studies using PTHrP measurements (292). Malignancies of
the genito-urinary tract gave elevated PTHrP if the kidney
or prostate was the primary tumour source and we rarely
found elevated PTHrP in gastrointestinal malignancies or
haematological malignancies. The differences in the
percentage elevation found between reported studies will
undoubtedly reflect the patient population studied and the
tumour histology. Comparison of this HCM population
studied with that of previous publications (249,290)
indicates that this study had a greater percentage of
gastrointestinal, haematological, and head and neck
malignancies but a lower percentage of Dbreast and
gynaecological malignancies. The percentage of squamous
carcinomas in this study population was also lower than in
the previous studies. These results show elevations of

PTHrP in a lower percentage of patients than has been
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reported in some published assays and may reflect a number
of important problems, apart from patient selection, in the

measurement of PTHrP.

An important observation is that PTHrP was detectable in
some 78% of normals sampled. This normal population
reflected a broader spectrum of subjects than previous
studies and contained a more representative percentage of
normal elderly subjects who are likely to be the age group
who have malignant disease. These data and that of Pandian
and his colleagues (249) demonstrate that PTHrP is unstable
in plasma and must be collected into tubes with protease
inhibitors. When samples are properly collected PTHrP is
measurable in a high percentage of healthy subjects. These
findings indicate that PTHrP is c¢irculating in normal
individuals and may have a role in calcium and phosphate

homeostasis.

It is also possible that the assay for PTHrP is being
affected by non specificity and matrix effects which has
resulted in an increased detection of PTHrP in normals.
Such effects can often cause positive bias and interference
in immunoassays and are more often observed close to the
detection limit of the assay. Against this possibility is
the evidence that PTHrP has been detected and measured in
other assays in normals and the average concentration
observed is close to 1.0 pmol/L. However further work is

required to fully investigate the possibility of matrix
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effects possibly using affinity chromatography of samples,

charcoal extraction and antibody blocking tubes.

An important component of the validation of any PTHrP assay
is the association between NcAMP production and PTHrP
concentration. NcAMP has been used as one of the main
indirect indicators of PTH (1-84) and PTHrP activity.
Clagssification of patients with HCM based on NcAMP has been
advocated in the past (73,288); thus it would be expected
that PTHrP should correlate with PTHrP. The cross
correlation analysis of PTHrP above the reference range and
NcAMP was excellent, further validating the value of this
assay and confirming the role of PTHrP in the syndrome of
HHM. In the patients in whom we measured all three
variables, an elevated PTHrP and a low or undetectable PTH
(1-84) were associated with an inappropriate or elevated
concentration of NcAMP, ranging from 14.1 to 105.6 nmol/L

GF.

A subgroup of patients with 1low PTHrP and 1low or
undetectable PTH (1-84) with inappropriate or elevated
NcAMP was detected. In these patients a factor which is
not detected as PTHrP or PTH (1-84) which is capable of
stimulating NcAMP production and causing hypercalcaemia may
be produced. Alternatively these patients may be producing
an active fragment of either PTHrP or PTH which is not
detected by the IRMA assays due to the size of the

fragments. A less likely possibility is that another new
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molecule is being produced that has a hypercalcaemic action
and can stimulate NcAMP production. It is interesting that
small cell carcinoma of lung is very prevalent in this
group of patients as a recent publication (293) has
suggested that all major lung cancer cell types can produce
PTHrP and that small cell lung cancer cell lines produce
PTHrP whose molecular weight is 3,500. A PTHrP molecule of
this size would not be measured in this assay and it is
possible that other patients studied have tumours which
may, by a mechanism of post translational processing,
produce PTHrP of varying sizes. Such results also
emphasise the continuing importance of NcAMP measurements
when studying this group of patients and evaluating PTHrP

assays.

At present, due to its poor specificity, PTHrP has no role
in detecting patients with malignant disease prior to
developing hypercalcaemia. In those patients with proven
malignancy who were normocalcaemic only 15% had elevated
plasma PTHrP. This is in keeping with previous reports of
elevated NcAMP in groups of normocalcaemic patients with

lung neoplasms and mixed neoplasms (288).

PTHrP was elevated in 1 patient with 1°HPT who to date has
no evidence of having a malignancy. This result is
consistent with the findings of other groups and suggests
that although PTHrP DNA and mRNA may be present in

parathyroid adenomas (241,243) the production of PTHrP by
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this tissue is insufficient to elevate circulating PTHrP in
most patients with 1°HPT. The incidence of simultaneous
1°HPT and malignancy in this study is higher than had
previously been reported or expected (294,295) and is in
keeping with recent findings (247,248,249). Such an
association is of clinical importance as treatment of both
the condition and the hypercalcaemia would be influenced by
the diagnosis. This data also emphasises the importance of
obtaining samples for PTH (1-84) estimation prior to
treatment of hypercalcaemia as lowering the calcium can
result in an increase of PTH (1-84) prior to restoring
normocalcaemia which could result in diagnostic confusion

(Chapter 7).

These results indicate the value and limitations of this
new PTHrP assay in investigating patients with
hypercalcaemia. The assay will confirm the presence of
PTHrP-producing tumours in a high percentage of patients
with hypercalcaemia. An increase of PTHrP may help
indicate the likely type of tumour present and the possible
primary source of tumour. Treatment of hypercalcaemia may
be influenced by the finding of an increased PTHrP since
bisphosphonate treatment, whilst the best therapy available
(296), 1s now known to be less effective in patients with
HCM and PTHrP secretion (297). The combination of antibody
specificities and assay technology means that circulating
forms of PTHrP smaller than PTHrP (1-72) will not be

detected, so that the percentage of PTHrP-producing tumours
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may be underestimated. NcAMP remains an important
measurement in such patients and will continue to provide
information on the factors responsible for HHM. PTHrP
results obtained by this assay suggest that PTHrP may be
degraded in plasma by proteases; therefore, inhibiting
these enzymes may allow detection of PTHrP in normal
subjects. This possibility is of obvious importance and
requires further research and validation using alternative
assays before the true significance of the finding will be

known.

148



Chapter 9

Cyclic AMP Production in-vitro Studied

Using Superfusion of Rat Renal Tubules
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9.1.1 Introduction

Superfusion of dispersed cells is a technique that has been
used to study the production and direct action of many
hormones at the cellular level (204,298,299,300). Such a
technique overcomes several of the problems of static
systems and results in improved sensitivity, reduces the
possibility of accumulation of products or metabolites and
will minimise possible unwanted effects such as negative
feedback of end organ response or degradation of the
molecule of interest. The methods also allow assessment of
dose response effects and the efficacy of inhibition using
the same tissue preparation over a short period which will
minimise biological variation. A modification of the
method established by Lowry and McMartin (204) has been
developed to study dispersed rat adrenal cells using a
column superfusion technique (301) which is readily

adaptable to other cell types.

The biological activity of PTH can be quantified in terms
of cAMP production by kidney cells either in-vivo or in-
vitro (43,46,54,55,67). Stimulation of the kidney or renal
cells by PTH has been investigated for many years and cAMP
production by the kidney forms the basis of an important
diagnostic test for pseudohypoparathyroidism (43,55).
Renal tubular cells would therefore appear to be suitable
candidates for studying the effects of PTH on cAMP

generation by superfusion techniques.

150



Opinion has varied concerning the effect that acidosis can
have on PTH action at both kidney and bone. Some authors
claim that PTH action, assessed by UcAMP excretion or
tubular reabsorption of phosphate or urinary calcium
excretion, 1s inhibited 1n acute and chronic metabolic
acidosis 1in ©rats or dogs (164,165) and that this
contributes to the metabolic bone disease that occurs in
renal failure. Others have failed to confirm this
conclusion and have argued that prolonged metabolic
acidosis has 1little or no effect on bone or renal
responsiveness to PTH in man (302) and the actions of PTH
are not impaired during chronic metabolic acidosis in dogs
(303) . In some studies acute metabolic acidosis has
enhanced PTH action with increased cAMP production by
isolated perfused dog bone (163) and increased NcAMP

production in rats made acutely acidotic (304).

Alkalosis has little effect on the biological actions of
PTH investigated to date although chronic metabolic
alkalosis in rats results in an increased circulating PTH
but no change in total serum calcium and a decrease in
ionised calcium (305). Inducing acute alkalosis in rats
has no effect on the tubular reabsorption of phosphate in
response to PTH (164) nor any effect on the change in serum

calcium concentrations following PTH injection (306).

In human studies that have been performed it has been

demonstrated that arginine hydrochloride can block the
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action of PTH on the renal tubule resulting in a
significant decrease in UcAMP production (307). This
effect if confirmed may be important for patients receiving
parenteral nutrition where arginine can form a major
component of the infusion. In patients on long term
parenteral nutrition arginine infusion may result in
inhibition of PTH action at the kidney and contribute to
the metabolic bone disease observed in these patients.

Since the superfusion technique is an ideal system for
studying the effects of changing an individual component of
the perfusate on biological activity this technique was
adapted to study factors that may influence the production
of c¢AMP by rat renal tubules 1in response to PTH

stimulation.

9.1.2 Materials and Methods

Each superfusion experiment was performed using the kidneys
obtained from 2 adult male Wistar rats (200-250 g) killed
by cervical dislocation. Renal cortical tissue was
dissected from the kidney, after removal of the capsule,
and then minced using a scalpel and scissors. This tissue
was then digested with 10 ml of enzyme solution (0.05%
collagenase) (Worthington Biochemical Corporation,
Freehold, NJ, U.S.A.) and 0.1% hyaluronidase (Sigma
Chemical Company Ltd, Poole, Dorset, U.K.) in a Hepes-based
collagenase buffer (Table 15) for 60 min in total at 37°C.
The supernatant was removed after 30 min and the remaining

cortical tissue mechanically dispersed with a pipette into
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Collagenase Buffer Concentrate

NacCl 4.0 g
KCcl 0.5 g
caCl, 2H,0 0.7 g
HEPES 24.0 g
1M NaOH 66 ml
H,0 100 ml
Collagenase 0.5 g
5 ml aliquots were stored at -50°C. Each aliquot was

diluted 1/10 prior to use in distilled H,0 with 2% BSA.

Superfusion/Suspension Buffer

Three separate concentrated buffers were combined together
when required composed of 5 ml A, 5 ml B and 10 ml C made
up to 100 ml with distilled H,0 containing 0.2% BSA with 4%
glucose.

A Calcium/Magnesium Concentrate

MgCl, 6H,0 0.52 g
CcaCl, 2H,0 0.72 g
H,0 200 ml

5 ml aligquots were stored at -50°C.

B Calcium Concentrate
CcaCl, 2H,0 1.8 g
H,O 200 ml

5 ml aliquots were stored at -50°C.

C Suspension Buffer Concentrate
NacCl 16.0 g
KC1 1.6 g
KH,PO, 0.6 g
Na,SO, 0.4 g
HEPES 28.8 g
TES 27.6 g
Tricine 26.0 g
NaOH 8.4 g
H,0 400 ml

10 ml aliquots were stored at -50°C.

Table 15 Composition of buffers used in preparing renal
tubules and in superfusion experiments




10 ml fresh enzyme solution for a further 30 min digestion
at 37°C. The resultant suspension of isolated cortical
tubules was filtered through nylon mesh (100 pgm) and
centrifuged at 300 g for 10 min. Pellets obtained were
resuspended in 10 ml Hepes-based superfusion buffer (Table
15) and the washing procedure repeated twice. The final
tubule pellet was resuspended in 2-3 ml superfusion buffer
and a tubule count performed using a Buchner
Haemocytometer. Viability of the tubules was assessed
using the Typan Blue exclusion technique. An identical
volume of tubule preparation was introduced onto the top of
especially designed Teflon columns (301). 4 columns were
run simultaneously. The tubules were retained on top of
Sephadex G50 coarse gel (Pharmacia, Milton Keynes, UK)
which was retained by 30 um nylon gauze. A reservoir of
Hepes-based superfusion buffer, all tubing (including a
debubbler) and the 4 teflon columns were maintained at 37°C
in a water bath. Fluid was pumped from the reservoir
through the columns from top to bottom by means of a
Technicon continuous flow pump (Technicon Tarrytown USA)
via continuous flow tubing. The flow rate was controlled
by altering the tubing diameter so that a rate of 600
pL/min was obtained. Effluent from the bottom of the
columns was collected at 2 min intervals and stored at

-20°C before analysis. The volume of effluent obtained was
measured accurately by weighing. A line diagram of the
perfusion apparatus outlining the components of the system

is shown in Figure 35.
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In initial experiments to establish optimum conditions for
stimulation all 4 columns were perfused with standard Hepes
superfusate buffer. Subsequently 2 columns were perfused
with standard buffer and 2 with test perfusates. The test
perfusates contained standard Hepes based buffer
superfusates with the addition of a) HCl (BDH, Poole,
Dorset, UK) to produce a pH of 7.1 b) NaOH (BDH) to produce
a pH of 7.65 and c¢) arginine hydrochloride (Sigma Chemical
Company Ltd) at a concentration of 7 mmol/L. Experiments
were performed in the absence and presence of the
phosphodiesterase inhibitor isobutylmethylxanthine (IBMX)
(Sigma Chemical Company Ltd). IBMX was added in an attempt
to optimise CAMP concentration by preventing

phosphodiesterase degradation of cAMP in the eluent.

Stimulation was performed using PTH (1-84) (National
Institute for Biological Standards, South Mimms, Potters
Bar U.K.) or synthetic bovine PTH (1-34) (Sigma Chemical
Company Ltd). PTH was dissolved in 0.1% acetate buffer pH
4.0 and stored at -50°C in 100 uL aliquots containing 250
IU per 100 puL. An aliquot was thawed and diluted in the

appropriate perfusate buffer just prior to use.

Cyclic AMP was measured in an in-house radioimmunoassay
(97) following acetylation of 500 uL of sample with 5 uL of
an acetylation mixture containing 2:1 (vol/vol)
triethylamine/acetic anhydride (BDH). This assay has a

sensitivity of 30 pmol/L and a between batch CV of <12%
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across the range 45-400 pmol/L. The characteristics of the

antibody have been described Chapter 2.

Cyclic AMP in the comparative experiments (pH and Arg HCl)
was expressed as total output, which was estimated from the
volume of effluent and concentration of cAMP obtained, per
10° tubules per PTH pulse. Comparisons were made of the
mean of 3 separate experiments involving four separate
periods of stimulation with PTH. The columns were rotated
clockwise following each experiment so that control and
test columns varied. Statistical differences were
evaluated using Mann-Whitney U statistics for each

experiment.

9.1.3 Results

The viability of the tubular cells as measured by the Typan
Blue exclusion technique varied between 95-98%. Cyclic AMP
production obtained when the tubules were allowed to
equilibrate on the columns for 60, 90 and 180 min before
stimulation with PTH (1-84) is shown Figure 36. An initial
dose-response study was performed which indicated that 2.5
units of bovine PTH (1-84) would result in an accurately
measured cAMP response from the tubules. An erratic
production of cAMP was observed when tubules were
equilibrated for 60-90 min, following 90 min equilibration
a stable reproducible response was obtained. After 180 min
equilibration c¢AMP output Dbecame inconsistent when

stimulation was attempted beyond 196 min. In all
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Figure 36 Renal tubules stimulated with bovine PTH (1-84)
after 60, 90 and 180 min equilibration on the
superfusion columns. Each line represents the
results from a single column. PTH was
introduced as a bolus on top of the columns at
times indicated by the arrows.



subsequent experiments the tubules were allowed to
equilibrate on the columns for 90 min before stimulation
experiments were performed. Figure 37 shows the cAMP
produced by the tubules when stimulated by bovine PTH (1-
84) in the presence and absence of 1 mM of the
phosphodiesterase inhibitor iso-butyl-methylxanthine (IBMX)
and when unstimulated with IBMX present. For all
subsequent experiments 1 mM IBMX was added to the
superfusion buffer. The responses to repeated stimulation
for 75 min after 90 min equilibration on the columns are
shown Figure 38. Comparison of the tubule responses from
2 columns stimulated in an identical manner are shown
Figure 38a for control v stimulated and 38b for 2 columns

stimulated with PTH.

Figure 39 shows the dose response curves obtained for
tubule stimulation using bovine PTH (1-84) and synthetic
bovine sequence PTH (1-34). An equivalent response to both
molecules is observed over the range of concentrations
studied and the response 1is consistent and reproducible

over three experiments.

Figures 40, 41 and 42 show the tubule responses obtained
when perfusion was performed with buffer at pH 7.4, pH 7.1
(Figure 40), pH 7.4, pH 7.65 (Figure 41) and 7 mM arginine
hydrochloride compared to control (Figure 42). Table 16
gives the mean values obtained and the statistical

comparisons between each group of experiments. There is a
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Figure 37' Renal tubules stimulated with bovine PTH (1-84)
in the presence and absence of IBMX. Each line
represents the results from a single column.
PTH was introduced as a bolus on top of the
columns at times as indicated by the arrows.
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column. PTH was introduced as a bolus on top of
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in response to stimulation with bovine PTH
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of 7mM Arg HCl. Each line represents the
results from a single column. PTH was
introduced as a bolus on top of the columns at
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Conditions for Mean cAMP output fmol/10° Significant

Perfusion renal tubules/pulse Difference
Control (1) pH 7.4 55.2 + (14.9)
p < 0.01
pH 7.1 36.9 + (13.1)
Control (2) pH 7.4 51.2 + (10.2)
NS
pH 7.65 49.9 + (10.3)
Control (3) pH 7.4 53.6 + (8.8)
p < 0.05
7 mM Arg HCl present 45.1 + (9.3)
Mean + SD

Table 16 Comparison of cAMP Production by Superfused Renal
Tubules pulsed with PTH whilst perfused at

pH 7.4, pH 7.1, pH 7.65 and in the presence or
absence of 7TmM Arg HCl




statistically significant decrease in cAMP output in
response to bPTH (1-84) when the tubules are exposed to the
acidic perfusate but not the alkaline perfusate. A
statistically significant decrease in cAMP output in
response to bPTH (1-84) is also noted when the tubules were

perfused with arginine hydrochloride.

9.1.4 Discussion

In these experiments it has been demonstrated that
superfusion of rat renal cortical tubules can be used to
study the factors affecting cAMP production by renal
tubules in response to DbPTH (1-84) stimulation. This
system has the advantage that the biological activity of
PTH can be assessed in a consistent reproducible manner,
after 90 min equilibration of the tubules on the columns,
as demonstrated by both bPTH (1-84) and hPTH (1-34)
fragment stimulation. By running control experimentsAin
parallel with the test columns the effects of changing
individual factors in the perfusate are readily observed
and any unexpected effects or perturbations of the

experimental system are immediately obvious.

Although the superfusion technique is not a physiological
system it has many advantages over other in-vitro biocassay
systems most of which will also require the use of
supraphysiological doses of hormone. The superfusion
system responses to increasing doses of both bPTH (1-84)

and hPTH (1-34) were consistent, linearly increased over
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the concentration ranges studied and are reproducible.
There was an indication that under current conditions the
tubule response diminished with the length of time the
cells were on the columns which may reflect a number of
factors. Obvious explanations may be that the cell
receptors may down regulate on repeated stimulation,
receptor cycling may slow down, precursors for cAMP
generation may be gradually diminished, there may be an
insufficient energy supply for the cells and the number of

functioning tubules may decrease with time.

A significant decrease in cAMP production by the tubules in
response to bPTH (1-84) was noted when they were perfused
with acidic buffer (pH 7.1). This effect has occurred
acutely and persisted throughout the period of perfusion of
the tubules. This down regulation of response to PTH may be
due to acidosis affecting the tubular cells such that
receptor function changes or receptor cycling is slowed
down or possibly due to effects of the acidic environment
on the PTH molecule itself. Conflicting evidence exists in
the 1literature on the effects of changes in acid-base
status on PTH action at both bone and kidney and reflects
the fact that different animal species have been studied,
different cell systems have been used and different methods
have been adopted to induce acidosis or alkalosis.
Experiments using rats have detected a decrease in UcAMP
production, decreased adenylate cyclase activity and

decreased PO, excretion in animals made acutely acidotic
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(164). The response to PTH injection was also reduced with
decreased UcAMP production, reduced phosphaturic effect and
increased urinary Ca excretion (164,306). However, after
a period of prolonged acidosis in man and dogs there has
been no impairment observed in PTH effects as assessed by
urinary calcium, phosphate, bicarbonate excretion and by
changes in circulating ionised calcium (302,303). In dogs
made acutely acidotic cAMP production in response to PTH
stimulation increased from perfused canine tibia (163). It
would appear that in the intact animal changes may occur
with time in chronic acidosis to overcome the reduced
response to PTH we have observed in tubules made acutely
acidotic. One way of overcoming such effects would be by
increasing PTH secretion from the parathyroid gland and so
chronic acidosis may result in secondary

hyperparathyroidism.

While compensatory effects are occurring the acute effects
of acidosis observed in these experiments may have
important consequences for calcium homeostasis at the
kidney and may contribute to the pathogenesis of metabolic

bone disease observed in acidotic patients.

Perfusion of the tubules with alkalotic buffer had no
measurable effect on the production of cAMP by renal
tubules. This result is in keeping with previous data
where intact animals have been made acutely alkalotic

(164,306). Chronic metabolic alkalosis in rats results in
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several changes in calcium metabolism. A decrease in
ionised calcium and an increase in PTH are the most obvious
effects. An appropriate response to this increased PTH is
observed in chronic alkalosis with increased 1,25 (OH),D3,
phosphaturia and hypocalciuria (305). Taken together with
the current data these results indicate that neither acute
nor chronic alkalosis interferes with PTH action at the

tubule.

Arginine hydrochloride has been used in clinical medicine
to treat severe metabolic alkalosis, diagnose growth
hormone deficiency and investigate insulin release.
Infusion of arginine hydrochloride into healthy male
volunteers results 1in a diuresis, a fall 1in wurine
osmolality, a decrease in free water clearance, a decrease
in renal phosphate clearance and a decrease in UcAMP output
(307) . The response to 230 i.u. of PTH intravenously is
also significantly reduced during the infusion of arginine
hydrochloride (307). In superfused tubules there is a
significant decrease in cAMP output 1in response to PTH
stimulation in the presence of arginine hydrochloride. A
minimal decrease in pH of the perfusate is observed with
the concentration of arginine hydrochloride used in this
experiment and so the effect on PTH action is due to
arginine hydrochloride. There are a number of possible
explanations for the effect of arginine hydrochloride on
CcAMP production. Arginine is actively transported into

renal tubular cells and the high intracellular
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concentration of arginine could inhibit the endocytosis of
receptor-ligand complexes or receptor recycling in these
cells. Arginine may block the action of PTH at its
receptor by occupying the receptor binding site.
Biological activity of PTH resides in the first 1-34 amino
acids of the polypeptide, a sequence which contains three
lysine and two arginine residues. The minimum polypeptide
required for biological activity is the 2-25 N-terminal
sequence which contains two arginine and one lysine
residues. PTHrP also has a similar number of arginine and
lysine residues in both the 1-34 (5) and 1-84 (14)
peptides. Cyclohexanedione modification of arginine
residues blocks receptor mediated uptake of low density
lipoprotein by several cells. The cumulated evidence would
indicate that arginine plays an important role in hormone-
receptor interaction and it is possible that exogenous
arginine may interfere with PTH activity. This may have
implications for patients receiving total parenteral
nutrition (TPN) . Many patients receiving TPN have
hypercalciuria and long term may develop calcium and
phosphate imbalance and metabolic bone disease (308).
Amino acid infusions used in such therapy have relatively
high concentrations of arginine and this may produce the
effect that we have seen in the tubule superfusion
experiments resulting in a decreased response to PTH and

abnormal calcium/phosphate homeostasis.
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The superfusion technique 1is a reliable, reproducible
method for studying the direct action of PTH in terms of
cAMP production from renal tubules in isolation.
Superfusion has many similarities with the normal
physiology of the tubules, where PTH is delivered to the
target cell via the arterial supply and cellular products
are removed via the venous drainage and/or urine. In these
experiments this technique has shown its value in studying
PTH activity in-vitro and the method described will be of
value in investigating the many factors that can alter cAMP

metabolism in renal tubular cells.
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Chapter 10

Current and Future Research in Relation

to the Work of This Thesis
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The importance of the circadian rhythms of the hormones
controlling cAMP production and the alteration of cAMP
metabolism throughout a 24h period has given new insight
into mechanisms that could control calcium homeostasis and
bone turnover. Further understanding of the physiological
and pathological modification of the circadian rhythms of
PTH (1-84) and cAMP should lead to a better understanding
of normal bone remodelling and metabolic bone disease.
Studies have been initiated and have produced interesting
data on differences in the circadian rhythms of PTH (1-84)
and NcAMP in pre-menopausal, normal post-menopausal and
osteoporotic post-menopausal women (309). The circadian
rhythms of PTH (1-84) and NcAMP are present 1in pre-
menopausal women, attenuated 1in post-menopausal women
without osteoporosis and absent in post-menopausal
osteoporotic women. These findings have resulted in the
initiation of a programme of investigation into
manipulation of the PTH (1-84) and cAMP response using
timed ingestion of calcium and phosphate (310). The
studies in this thesis formed the basis of a theory that
phosphate was important in the genesis of the PTH (1-84)
circadian rhythm and by increasing ingestion of phosphate
at 22.00 the PTH (1-84) and cAMP rhythms would be augmented
resulting in Dbeneficial effects on bone metabolism.
Measurement of overnight NcAMP production, first voided
morning urine, as a ratio against second voided urine gives
an accurate indication of PTH (1-84) secretion overnight

and enables a rapid assessment of the effects of different
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therapeutic manoeuvres (311).

Neuroendocrine control of the circadian rhythm of PTH (1-
84) and subsequent cAMP production is being investigated
using the LHRH agonist Buserelin to modify the pituitary
production of gonadotrophins and prolactin (312). Long
term studies on cAMP metabolism in the "chronic fasting
state" anorexia nervosa are planned in the light of results

obtained from the sleep shift and fasting studies.

It will be important to investigate whether intradian
variation (minute to minute) in PTH (1-84) will result in
modification of the cAMP responses thus altering calcium
and phosphate homeostasis and whether manipulation of
calcium and phosphate concentrations can change PTH (1-84)
and cAMP metabolism with beneficial effects on bone.
Studies have commenced looking at the pulsatility of PTH
(1-84) and cAMP generation in normal subjects before and
after EDTA infusion (313), hyperparathyroid patients (314),
fasting subjects (315) and reports of alteration in PTH (1-
84) pulsatility in osteoporotic patients have recently been
published (316,317). The c¢cAMP production by cells in
response to hormonal stimulation and subsequent cell
function is likely to alter depending on the combination of

intradian and circadian stimuli.

Studies 1in this thesis have demonstrated that cAMP

metabolism may be affected by a number of circulating
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hormones and so interpretation of cAMP concentrations in-
vivo requires detailed knowledge of the status of several
hormones. There have been few attempts to study
simultaneously hormones which affect cAMP production even
in the short term and circadian studies on the combined
effect of hormones on cAMP metabolism are non existent.
Future research will attempt to isolate separate hormonal,
particularly thyroid, cortisol and catecholamine effects

in-vivo and in-vitro.

Development of assays for PTHrP open up major avenues of
scientific and clinical research. Measurement of PTHrP in
hypercalcaemia can help resolve difficult diagnostic
problems and help in the management of patients. Recent
data obtained using the assay evaluated in this thesis has
indicated that elevated PTHrP in patients with HCM is
associated with decreased survival, increased metastatic
tumour load and increased bone turnover (318). Responses
to bisphosphonate therapy are poorer in patients with
elevated PTHrP (297) and treatment regimens and therapeutic
approaches in patients with HCM may be modified as more
knowledge is obtained on the physiology and pathophysiology
of PTHrP. Studies performed during and after pregnancy
have demonstrated that PTHrP increases gradually during
pregnancy and can become markedly elevated at the time of
lactation (319, 320). In this situation PTHrP may be
produced by the placento/uterine and breast tissue and may

stimulate i1ncreased bone turnover that is observed in
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pregnancy. Evidence for the role of local PTHrP production
by osteoblasts has recently been obtained and indicates
that an autocrine/paracrine function of PTHrxP may be very
important in maintaining normal bone and in metabolic bone

disease (321, 322, 323).

The superfusion system successfully allowed the study of
individual factors that can affect the production of cAMP
by renal tubular cells. Modification of this system will
be required to make this technique less laborious and time
consuming with alteration of the perfusion flow rate
possible, collection of fewer samples following
stimulation, integrating cAMP production after each
stimulus and supplementing the perfusate buffer to allow
prolonged survival of the tubular cells. Commercial
equipment has recently become available that has automated
several of the ©processes employed in superfusion
experiments which confers a greater flexibility on the
system and would allow quicker optimisation of the

experimental technique.

167



References

1

Sutherland EW, Rall TW. Fractionation and
characterisation of a cyclic adenine ribonucleotide
formed by tissue particles. J Biol Chem 1958; 232:

1077-91.

Sutherland EW, Rall TW, Menon T. Adenyl cyclase. 1.
Distribution, preparation and properties. J Biol Chem

1962; 246: 5843-5.

Greengaard P. Phosphorylated proteins as physiological

effectors. Science 1978; 199: 146-52.

Cohen P. The role of protein phosphorylation in neural
and hormonal control of cellular activity. Nature

1982; 296: 613-9.

Lohmann SM, Walter U. Regulation of the cellular and
subcellular concentrations and distribution of cyclic
nucleotide dependent protein kinases. In: Greengaard
P, Robison GA, eds. Advances in cyclic nucleotide and
protein phosphorylation research, Vol 18. New York:

Raven Press, 1984; 63-117.
Perkins JP. Adenyl cyclase. In: Greengaard P, Robison

GA, eds. Advances in Cyclic Nucleotide Research, Vol

3. Raven Press: New York, 1973; 1-64.

168



10

11

12

Rodbell M. The role of hormone receptors and GTP-
regulatory proteins in membrane transduction. Nature

1980; 284: 17-22.

Sternweiss PC, Northup JK, Hanski E, Schleifer LS,
Smigel MD, Gilman AG. Purification and properties of
the regulatory component (G/F) of adenylate cyclase.
In: Dumont JE, Greengaard P, Robison GA, eds. Advances
in Cyclic Nucleotide Research, Vol 14. New York: Raven

Press, 1981; 23-36.

Lefkowitz RL, DeLean A, Hoffman BB et al. Molecular
pharmacology of adenylate cyclase-coupled alfa- and
beta-adrenergic receptors. In: Dumont JE, Greengaard
P, Robison GA, eds. Advances in Cyclic Nucleotide

Research, Vol 14. New York: Raven Press, 1981; 145-61.

Houslay MD. Dual control of adenylate cyclase. Nature

1983; 303: 133.

Gilman AG. G proteins and dual control of adenylate

cyclase. Cell 1984; 36: 577-9.

Kaziro Y, Itoh H, Kozasa T, Nakafuku M, Satoh T.

Structure and function of signal-transducing GTP-

binding proteins. Ann Rev Biochem 1991; 60: 349-400.

169



13

14

15

16

17

18

Spiegel AM, Shenker A, Weinstein LS. Receptor-effector
coupling by G-proteins: implications for normal and
abnormal signal transduction. Endocr Rev 1992; 13:

536-65.

Thomas-Morvan C. Effect of TSH on cyclic AMP and
cyclic GMP levels in thyroid cancers, adenomas and
normal human thyroid tissue. Acta Endocrinol (Copenh)

1978; 87: 106-13.

Field JB, Bloom G, Chou MCY et al. Effect of thyroid
stimulating hormone on human thyroid carcinoma and
adjacent normal tissue. J Clin Endocrinol Metab 1978;

47: 1052-8.

Rall TW, Sutherland EW. The enzymatically catalyzed
formation of adenosine 3’,5’-phosphate and inorganic
pyrophosphate from adenosine triphosphate. J Biol Chem

1962; 237: 1228-32.

Birnbaumer L, Pohl SL, Rodbell M. Adenyl cyclase in
fat cells. I. Properties and the effects of
adrenocorticotropin and fluoride. J Biol Chem 1969;

244: 3468-76.

Drummond GI, Duncan L. Adenyl cyclase in cardiac

tissue. J Biol Chem 1970; 245: 976-83.

170



19

20

21

22

23

24

25

Drummond GI, Severson DL, Duncan L. Adenyl cyclase:
Kinetic properties and nature of fluoride and hormone

stimulation. J Biol Chem 1971; 246: 4166-73.

Pohl SL, Birnbaumer L, Rodbell M. The glucagon-
sensitive adenyl cyclase system in plasma membranes of
rat liver. I. Properties. J Biol Chem 1971; 246: 1849-

56.

Dousa T, Hechter O. The effect of NaCl and LiCl on
vasopressin-sensitive adenyl cyclase. Life sciences

1970; Part I, 9: 765-70.

Marcus RJ, Aurbach GD. Adenyl cyclase from renal
cortex. Biochimica et Biophysica Acta 1971; 242: 410-

21.

Forn J, Valdecasas FG. Effects of lithium on brain
adenyl cyclase activity. Biochem Pharmacol 1971; 20:

2773-9.
Rall TW, Sutherland EW. Formation of cyclic adenine
nucleotide by tissue particles. J Biol Chem 1958; 232:

1065-76.

Robison GA, Butcher RW, Sutherland EW. Cyclic AMP. New

York and London: Academic Press, 1971.

171



26

27

28

29

30

31

Seaman KB, Padgett W, Daly JW. Forskolin: Unique
diterpene activator of adenylate cyclase in membranes
and in intact cells. Proc Nat Acad Sci 1981; 78:

3363-7.

Appleman MM, Thompson WJ, Russel T. Cyclic nucleotide
phosphodiesterases. In: Greengaard P, Robison GA, eds.
Advances in Cyclic Nucleotide Research. New York:

Raven Press, 1973: Vol 3: 66-98.

Lin T, Kopp LE, Tucci JR. Urinary excretion of cyclic
3’,5’-adenosine monophosphate in hyperthyroidism. J

Clin Endocrinol Metab 1973; 36: 1033-6.

Strada SJ, Martin MW, Thompson WJ. General properties
of multiple molecular forms of cyclic nucleotide
phosphodiesterase in the nervous system. Advances in

Cyclic Nucleotide Research 1984; 16: 13-30.

Cheung WY. Properties of cyclic 3’, 5’-nucleotide
phosphodiesterase from rat brain. Biochemistry 1967;

6: 1079-87.

Cheung WY. Cyclic 3/, 5’ -nucleotide phosphodiesterase.

Demonstration of an activator. Biochem Biophys Res

Comm 1970; 38: 1055-62.

172



32

33

34

35

36

37

Kakiuchi S, Yamazaki R, Nakajima H. Properties of a
heat stable phosphodiesterase activating factor
igsolated from brain extract. Proc Jap Acad 1970; 46:

587-92.

Lin YM, Cheung WY. Calcium dependent cyclic
nucleotide phosphodiesterase. In: Chung WY ed. Calcium
and cell Function, Vol I. Academic Press, 1980; 79-

107.

Walker SW, Macneil S, Senior HJ, Bleehen SS, Tomlinson
S. Calmodulin activation of cyclic AMP
phosphodiesterase in the B16 mouse melanoma. Biochem

J 1984; 220: 941-6.

Cohen P, Antoniw JF. The control of phosphorylase
kinase phosphatase by second site phosphorylation: A
new form of enzyme regulation. FEBS Lett 1973; 34: 43-

7.

Yeaman SJ, Cohen P. The hormonal control of activity
of skeletal muscle phosphorylase kinase. Eur J Biochem

1975; 51: 93-104.

Cohen P. The role of cyclic AMP dependent protein
kinase in the regulation of glycogen metabolism in
mammalian skeletal muscle. Current Topics in Cell

Regulation 1978; 14: 117-96.

173



38

39

40

41

42

43

Sutherland EW. Studies on the mechanism of hormone

action. Science 1972; 177: 401-8.

Andersson WB, Pastan I. Altered adenylate cyclase
activity: Its role in growth regulation and malignant
transformation of fibroblasts. In: Drummond GI,
Greengaard P, Robison GA, eds. Advances in Cyclic
Nucleotide Research. New York: Raven Press, 1975; Vol

5: 681-98.

Exton JH, Lewis SB, Ho RJ, Robinson G, Park CR. The
role of cyclic AMP in the interaction of glucagon and
insulin in the control of liver metabolism. Ann NY

Acad Sci 1971; 185: 85-99.

Butcher RW, Sutherland EW. Purification and properties
of cyclic 3’,5’-nucleotide phosphodiesterase and use
of this enzyme to characterise adenosine 3’, 5'-
monophosphate in human urine. J Biol Chem 1962; 237:

1244-50

Takahashi K, Kamimura M, Shinko T, Tsuji S. Effects of
vasopressin and water-load on urinary adenosine 3’,

5’ -cyclic monophosphate. Lancet 1966; ii: 967.

Chase RL, Aurbach GD. Parathyroid function and the
renal excretion of 3’,5’-adenylic acid. Proc Nat Acad

Sci USA 1967; 58: 518-25.

174



44

45

46

47

48

Chase RL, Melson L, Aurbach GD.
Pseudohypoparathyroidism: Defective excretion of
3’,5’-cyclic AMP in response to parathyroid hormone.

J Clin Invest 1969; 48: 1832-44.

Broadus AE, Kaminsky NI, Hardman JG, Sutherland EW,
Liddle GW. Kinetic parameters and renal clearances of
plasma adenosine 3’, 5’-monophosphate and guanosine
3’,5' -monophosphate in man. J Clin Invest 1970a; 49:

2222-36.

Broadus AE, Mahaffey JE, Bartter FC, Neer RM.
Nephrogenous cyclic adenosine monophosphate as a
parathyroid function test. J Clin Invest 1977: 60:

771-83.

Broadus AE. Nephrogenous cyclic AMP. Rec Prog Horm Res

1981; 37: 667-701.

Ball JH, Kaminsky NI, Hardman JG, Broadus AE,
Sutherland EW, Liddle GW. Effects of catecholamines
and adrenergic-blocking agents on plasma and urinary
cyclic nucleotides in man. J Clin Invest 1972; 51:

2124-9.

175



49

50

51

52

53

54

Kaminsky NI, Ball JH, Broadus AE, Hardman JG,
Sutherland EW, Liddle GW. Hormonal effects on
extracellular cyclic nucleotides in man. Trans Ass Am

Physicians 1970; 83: 235-44.

Guttler RB, Croxson MS, DeQuattro VL, Warren DW, Otis
CL, Nicoloff JT. Effects of thyroid hormones on plasma
adenosine 3’,5’'-monophosphate production in man.

Metabolism 1977; 26: 1155-62.

Broadus AE, Kaminsky NI, Northcutt RC, Hardman JG,
Sutherland EW, Liddle GW. Effects of glucagon on
adenosine 3’, 5’'- monophosphate in human plasma and

urine. J Clin Invest 1970; 49: 2237-45.

Elkeles RS, Lazarus JH, Siddle K, Campbell AK. Plasma
adenosine 3’,5’'-cyclic monophosphate response to
glucagon in thyroid disease. Clin Sci Mol Med 1975;

48: 27-31.

Nistrup Madsen S. Influence of thyroid function on
plasma cyclic AMP response to iv glucagon. Acta

Endocrinol (Copenh) 1977; 85: 760-8.

Kaminsky NI, Broadus AE, Hardman JG et al. Effect of
parathyroid hormone on plasma and urinary adenosine
3’, 5’-monophosphate in man. J Clin Invest 1970: 49:

2387-95.

176



55

56

57

58

59

60

Tomlinson S, Barling PM, Albano JDM, Brown BL,
O’Riordan JLH. The effects of exogenous parathyroid
hormone on plasma and urinary adenosine 3’, 5’-cyclic
monophosphate in man. Clin Sci Mol Med 1974; 47: 481-

92.

Ardaillou R, Isaac R, Nivez MP, Kuhn JM, Cazor JL,
Fillastre JP. Effect of salmon calcitonin on renal
excretion of adenosine 3’,5’-monophosphate in man.

Horm Metab Res 1976; 8: 136-40.

Szucks J, Hotvath T. Effect of calcitonin on plasma
cyclic AMP in uraemic man. Horm Metab Res 1980; 12:

44-5.

Chase RL, Aurbach GD. Renal adenyl cyclase: Anatomical
separate sites for parathyroid hormone and

vasopressin. Science 1968; 159: 545-7.

Murad F, Brewer H, Vaughan M. Effect of calcitonin on
cyclic AMP formation by rat kidney. Clin Res 1969; 17:

591.

Marcus RJ, Heersche NM, Aurbach GD. Effects of
calcitonin on formation of 3’/,5'-AMP in bone and
kidney. Presented at the 53rd annual meeting of the
Endocrine Society 1971, San Francisco, California

(Abstract) .

177



61

62

63

64

65

66

Taylor AL, Davis BB, Pawlson LG, Josimovitch JB, Mintz
DH. Factors influencing the urinary excretion of
3’,5’-adenosine monophosphate in humans. J Clin

Endocrinol Metab 1970; 30: 316-23.

Fichman M, Brooker G. Cyclic AMP and the antidiuretic
effect of chlorpropamide in diabetes insipidus. Clin

Res 1970; 18: 121.

Murad F, Pak CY. Urinary excretion of adenosine 3’,5'-
monophosphate and guanosine 3’ ,5’ -monophosphate. N Eng

J Med 1972; 286: 1382-7.

Williams RH, Barish J, Ensinck JW. Hormone effects
upon cyclic nucleotide excretion in man. Proc Soc Exp

Biol Med 1972; 139: 447-54.

Estep H, Fratkin M, Moser A, Robinson F. Cyclic AMP
excretion in hypercalcaemic states. Clin Res 1970; 18:

358.

Madvig P, Young G, Marcus R. Assessment of adenosine
3’,5’ -monophosphate excretion and an oral calcium
tolerance test in the diagnosis of mild primary
hyperparathyroidism. J Clin Endocrinol Metab 1984; 53:

480-7.

178



67

68

69

70

71

Drezner MK, Neelon FA, Curtis HB, Lebovitz HE. Renal
cyclic adenosine monophosphate: An accurate index of

parathyroid function. Metabolism 1976; 25: 1103-12.

Babka JC, Bower RH, Sode J. Nephrogenous cyclic AMP
levels in primary hyperparathyroidism. Arch Intern Med

1976; 136: 1140-4.

Alston WC, Allen KR, Tovey JE. A comparison of
nephrogenous cyclic AMP, total urinary cyclic AMP and
the renal tubular maximum reabsorptive capacity for
phosphate in the diagnosis of primary
hyperparathyroidism. Clin Endocrinol (Oxf) 1980; 13:

17-21.

Khoury S, Tucci JR. Urinary and nephrogenous cyclic
AMP and renal phosphate handling in normal subjects
and in patients with parathyroid dysfunction. Acta

Endocrinol 1984; 106: 219-26.

Shaw JW, Oldham SB, Rosoff L, Bethune JE, Fichman MP.
Urinary cyclic AMP analyzed as a function of the serum
calcium and parathyroid hormone in the differential
diagnosis of hypercalcaemia. J Clin Invest 1977; 59:

14-21.

179



72

73

74

75

76

Stewart AF, Horst R, Deftos LJ, Cadman EC, Lang R,
Broadus AE. Biochemical evaluation of patients with
cancer associated hypercalcaemia: evidence for humoral
and non-humoral groups. N Eng J Med 1980; 303: 1377-

83.

Rude RK, Sharp CF, Fredericks RS. Urinary and
nephrogenous cyclic adenosine monophosphate in the
hypercalcaemia of malignancy. J Clin Endocrinol Metab

1981; 52: 765-71.

Godsall JW, Burtis WJ, Insogna KL, Broadus AE, Stewart
AF. Nephrogenous cyclic AMP, adenylate cyclase-
stimulating activity and the humoral hypercalcaemia of

malignancy. Rec Prog Horm Res 1986; 42: 705-50.

Mundy GR. Calcium homeostasis: Hypercalcaemia and

hypocalcaemia. 1lst ed. London: Martin Dunitz, 1989.
Mundy GR, Martin TJ. Hypercalcaemia of malignancy:

pathogenesis and management. Metabolism 1982; 31:

1247-77.

180



77

78

79

80

81

Stewart AF, Insogna KL, Goldzman D, Broadus AE.
Identification of adenyl cyclase stimulating activity
and cytochemical glucose-6-phosphate dehydrogenase
stimulating activity in extracts of tumours from
patients with humoral hypercalcaemia of malignancy.

Proc Nat Acad Sci USA 1983; 80: 1454-8.

Ralston SH, Fogelman I, Gardner MD, Dryburgh FJ, Cowan
RA, Boyle IT. Hypercalcaemia of malignancy: evidence
for a non parathyroid humoral agent with an effect on
renal tubular calcium handling. Clin Sci 1984; 66:

187-91.

Suva LJ, Winslow GA, Wettenhall REH et al. A
parathyroid hormone-related protein implicated in
malignant hypercalcaemia: c¢loning and expression.

Science 1987; 237: 893-6.

Strewler GJ, Stern PH, Jacobs JW. Parathyroid hormone-
like protein from human renal carcinoma cells -
structural and functional homology with parathyroid

hormone. J Clin Invest 1987; 80: 1803-7.

Mangin M, Webb AC, Dreyer BE et al. Identification of
a cDNA encoding a parathyroid hormone-like peptide
from a human tumour associated with  humoral
hypercalcaemia of malignancy. Proc Nat Acad Sci USA

1988; 85: 597-601.

181



82

83

84

85

86

Torring O, Cavallin M, Low H, Werner S. Urinary
cyclic AMP corrected for glomerular filtration rate in
the differential diagnosis of hypercalcaemia. Acta

Med Scand 1982; 211: 401-3.

Albright F, Burnett CH, Smith PH.
Pseudohypoparathyroidism: an example of "Seabright-

Bantam syndrome". Endocrinology 1942; 30: 922-32.

Ellsworth R, Howard JE. Studies on the physiology of
the parathyroid glands. VII. Some response of normal
human kidneys and blood to intravenous parathyroid

extract. Bull Johns Hopkins Hosp 1934; 55: 296-308.

Tomlinson S, Hendy GN, O’Riordan JLH. A simplified
assessment of response to parathyroid hormone in

hypoparathyroid patients. Lancet 1976; i: 62-4.

Drezner MK, Neelon FA. Pseudohypoparathyroidism. In:
Stanbury JB, Wyngaarden JB, Fredrickson DS, Goldstein
JL, Brown MS, eds. The metabolic basis of inherited

disease, 5th ed. New York: Mcgraw-Hill, 1983; 1508-27.

182



87

88

89

90

91

92

Butcher RW, Ho RJ, Meng HC, Sutherland EW. Adenosine
37,5’ -monophosphate in biological materials II. The
measurement of adenosine 3’, 5’-monophosphate in
tissues and the role of the nucleotide in the
lipolytic response of fat to epinephrine. J Biol Chem

1965; 240: 4515-23.

Breckenridge BM. The measurement of cyclic adenylate

in tissues. Proc Nat Acad Sci USA 1964; 52: 1580-6.

Johnson RA, Hardman JG, Broadus AE, Sutherland EW.
Analysis of adenosine 3',5’-monophosphate with

luciferase luminescence. Ann Biochem 1970; 35: 91-7.

Gilman AG. A protein binding assay for adenosine 3',
5'-cyclic monophosphate. Proc Nat Acad Sci USA 1970;

67: 305-12.

Walton GM, Garren LD. An assay for adenosine 3’,5'-
cyclic monophosphate based on the association of the
nucleotide with a partially purified binding protein.

Biochemistry 1970; 9: 4223-9.
Feinglos MK, Drezner MK, Lebovitz HE. Measurement of

plasma adenosine 3’,5’ -monophosphate. J Clin

Endocrinol Metab 1978; 46: 824-9.

183



93

94

95

96

97

Nistrup Madsen S, Badawi I, Skovsted L. A simple
competitive protein binding assay for adenosine 3’,5'-
monophosphate in plasma and urine. Acta Endocrinol

(Copenh) 1976: 81: 208-14.

Christensen S, Geisler A, Badawi I, Nistrup Madsen, S.
Plasma and urinary cyclic AMP levels in normal and
lithium treated rats. Acta Pharmacol Toxicol 1977; 40:

455-9.

Steiner AL, Wehmann RE, Parker CW, Kipnis DM.
Radioimmunocassay for the measurement of cyclic
nucleotides. In: Greengaard P, Robison GA, eds.
Advances in Cyclic Nucleotide Research, Vol 2. New

York: Raven Press, 1972; 51-61.

Frandsen EK, Krishna G. A simple ultrasensitive method
for the assay of cyclic AMP and cyclic GMP in tissues.

Life Sci 1976; 18: 529-41.

Fraser WD. The development and clinical application of
a radioimmunoassay for urinary cyclic adenosine 3,5’
monophosphate. Thesis presented to the Royal College

of Pathologists 1989.

184



98

99

100

101

102

Ekins RP. The precision profile: its use 1in assay
design, assessment and quality control. In: Hunter WM,
Corrie JET, eds. Immunoassays for Clinical Chemistry.

2nd ed. London: Churchill Livingstone, 1983; 76-105.

Chapman RS, Ratcliffe J. Covalent linkage of antisera
to = microparticulate cellulose using 1-1
carbonyldiimidazole: A rapid practical method which
might be useful for the solid phase radioimmunoassay

of thyroxine. Clin Chim Acta 1981; 118: 129-34.

Logue FC, Perry B, Chapman RS, Milne I, James K,
Beastall GH. A two-site immunoradiometric assay for
PTH (1-84) using N and C terminal specific monoclonal

antibodies. Ann Clin Biochem 1991; 28: 160-6.

Nussbaum SR, Zahradnik RJ, Lavigne JR et al. Highly
sensitive two-site immunoradiometric assay of
parathyrin, and its clinical utility in evaluating
patients with hypercalcaemia. Clin Chem 1987; 33:

1364-7.

Fraser WD, Robinson J, Lawton R et al. Clinical and
laboratory studies of a new immunoradiometric assay of
parathyroid hormone-related protein. Clin Chem 1993;

39: 414-9.

185



103

104

105

106

107

108

Wallace AM, Aitken S, Duffy FA, Fraser WD, Beastall
GH. Measuring free thyroxine by wusing magnetic
antibody-containing microcapsules. Clin Chem 1990; 36:

614-9.

Paterson N, Biggart EM, Chapman RS, Beastall GH.
Evaluation of a time-resolved immunofluorometric assay
of serum thyroid stimulating hormone. Ann Clin Biochem

1985; 22: 606-11.

McConway MG, Chapman RS. Development and evaluation of
a simple, direct, solid-phase radioimmunoassay of
serum cortisol from readily available reagents. Clin

Chem Acta 1986; 158: 59-70.

Gardner MD, Dryburgh FJ, Fyffe JA, Jenkins AS.
Predictive value of derived calcium figures based on
the measurement of ionised calcium. Ann Clin Biochem

1981; 18: 106-10.

Walton RJ, Bijvoet OLM. Nomogram for the derivation of
renal threshold phosphate concentration. Lancet 1975;

ii: 309-10.

Kanis JA. Disorders of calcium metabolism. In:
Weatherall DJ, Ledingham JGG, Warrell DA, eds. Oxford
Textbook of Medicine (volume 1). Oxford: Oxford

University Press, 1982; 10.41-10.58.

186



109

110

111

112

113

114

115

Fogelman I, McKillop JH, Bessent RG et al. Successful
localisation of parathyroid adenomata by thallium 201
and technetium 99m subtraction scintigraphy.
Description of an improved technique. Eur J Nucl Med

1984; 9: 545-7.

Nelson W, Tong TL, Lee JK, Halberg F. Methods for

cosinor-rhythmometry. Chronobiologia 1979; 6: 305-23.

Mann HB, Whitney DR. On a test of whether one of two
random variables is stochastically larger than the

other. Ann Math Statist 1947; 18: 50-60.

Snedecor GW. Calculation and interpretation of
analysis of variance and covariance. Ames, Iowa:

Collegiate Press, 1934.

Fisher RA. Application of "Student’s" distribution.

Metron 1925; 5: 90-104.

Wilcoxon F. Individual comparisons by ranking

methods. Bull 1945; 1: 80-3.

Jacques JA, Norusis M. Sampling requirements on the

estimation of parameters in heterosceclastic linear

regression. Biometrics 1973; 29: 771-80.

187



116

117

118

119

120

121

Sagel J, Clowell JA, Loadholt CB, Lizarralde G.
Circadian rhythm in the urinary excretion of cyclic
37,5’ -adenosine monophosphate in man. J Clin

Endocrinol Metab 1973; 37: 570-3.

Holmes H, Hamadah K, Hartman GC, Parke DV. Diurnal
variation of plasma and urinary adenosine 3’,5’ cyclic
monophosphate content in normal human subjects.

Biochem Soc Trans 1974; 2: 456-9.

Stone JE, Polk ML, Dobbs JW, Graham ME, Scheving LE.
Circadian variation in human urinary cyclic AMP and
the effect of different diets on this rhythm. Int J

Chronobiol 1974; 2: 163-70.

Ullrich IH, Lizarralde G. Patterns of cyclic 3’,5'-
adenosine monophosphate excretion 1in parathyroid

dysfunction. Chronobiologia 1977; 4: 199-204.

Pujol-Amat P, Davi E, Martin-Comin J, Manfort R.
Diurnal variation in cyclic AMP in plasma (letter).

Lancet 1977; i: 489.

Mikuni M, Saito Y, Koyama T et al. Circadian
variations in plasma 3':5’-cyclic adenosine
monophosphate and 3’ :5’ -cyclic guanosine monophosphate

of normal adults. Life Sci 1978; 22: 667-71.

188



122

123

124

125

126

127

Barnes PJ, Fitzgerald GA, Dollery CT. Circadian
variation in adrenergic responses in asthmatic

subjects. Clin Sci 1982; 62: 349-54.

Markianos M, Lykouras L. Circadian rhythms of
dopamine-B-hydroxylase and c-AMP in plasma of controls
and patients with affective disorders. J Neural

Transmission 1981; 50: 149-55.

Hamadah K, Holmes H, Stokes ML, Hartman GC, Parke DV.
Variation in urinary adenosine 3’:5'-cyclic
monophosphate content during the human menstrual

cycle. Biochem Soc Trans 1974; 2: 461-2.

Kuchel O, Hamet P, Cuche JL, Tolis G, Fraysse J,
Genest J. Urinary and plasma cyclic adenosine 3’,5’-
monophosphate in patients with idiopathic edema. J

Clin Endocrinol Metab 1975; 41: 282-9.

Endres P. Plasma-cAMP-Konzentrationen unter Orthostase

und im Tagesverlauf. Med Welt 1977; 28: 1875-9.

Takahashi X, Takao H, Takai T, Gotoh K, Matsukura S,
Imura H. Effects of cigarette smoking on cyclic AMP,
cyclic GMP, dopamine pf-hydroxylase and nicotine in
human plasma and urine during water diuresis. Life Sci

1977; 21: 803-9.

189



128

129

130

131

132

Endres P, Roeren T. Lack of a diurnal plasma adenosine
3’ ,5’ -monophosphate rhythm. J Clin Endocrinol Metab

1979; 48: 872-3.

Brown RC, Aston JP, Weeks I, Woodhead JS. Circulating
intact parathyroid hormone measured by a two-site
immuno-chemiluminometric assay. J Clin Endocrinol

Metab 1987; 65: 407-14.

Jubiz W, Canterbury JM, Reiss JM, Tyler FM. Circadian
rhythm in serum parathyroid hormone concentrations in
human subjects: Correlation with serum calcium,
phosphate, albumin and growth hormone levels. J Clin

Invest 1972; 51: 2040-6.

Sinha KT, Miller S, Fleming J et al. Demonstration of
a diurnal variation in serum parathyroid hormone in
primary and secondary hyperparathyroidism. J Clin

Endocrinol Metab 1975; 41: 1009-13.

Kripke DF, Lavie P, Huey L, Deftos LJ. Plasma

parathyroid hormone and calcium are related to sleep

cycles. J Clin Endocrinol Metab 1978; 47: 1021-7.

190



133

134

135

136

137

Markowitz ME, Arnaud S, Rosen JF, Thorpy M,
Laximinarajan S. Temporal interrelationships between
circadian rhythms of serum parathyroid hormone and
calcium concentrations. J Clin Endocrinol Metab 1988;

67: 1068-73.

Logue FC, Fraser WD, O'Reilly DStJ, Beastall GH. The
circadian rhythm of intact parathyroid hormone (1-84)
and nephrogenous cyclic adenosine monophosphate in

normal men. J Endocrinol 1989; 121: R1-R3.

Calvo MS, Kumar R, Heath III H. Persistently elevated
parathyroid hormone secretion and action in young
women after four weeks of ingesting high phosphorous,
low calcium diets. J Clin Endocrinol Metab 1990; 70:

1334-40.

Logue FC, Fraser WD, O’'Reilly DStJ, Cameron DA, Kelly
AJ, Beastall GH. The circadian rhythm of intact
parathyroid hormone (1-84): Temporal correlation with
prolactin secretion in normal men. J Clin Endocrinol

Metab 1990; 71: 1556-60.

Calvo MS, Eastell R, Offord KP, Bergstralh EJ, Burritt
MF. Circadian variation in ionized calcium and intact
parathyroid hormone: Evidence for sex differences in
calcium homeostasis. J Clin Endocrinol Metab 1991; 72:

69-76.

191



138

139

140

141

142

143

Sassin JF, Frantz AG, Kapen S, Weitzman ED. The
nocturnal rise of prolactin is dependent on sleep. J

Clin Endocrinol Metab 1973; 37: 436-40.

Desir D, Van Cauter E, L’'Hermite M et al. Effects of
"jet lag" on hormonal patterns. III. Demonstration of
an intrinsic circadian rhythmicity in plasma

prolactin. J Clin Endocrinol Metab 1982; 55: 849-57.

Weitzman ED, Fukushima D, Nogiere C. Twenty-four hour
pattern of the episodic secretion of cortisol in
normal subjects. J Clin Endocrinol Metab 1971; 33: 14-

22.

Weitzman ED, Weinberg U, D’Elletto R et al. Studies of
the 24h rhythm of melatonin in man. J Neural

Transmission 1978; 13: 325-7.

Parker DC, Rossman LG, Vanderlaan EF. Sleep-related
nyctohemeral and briefly episodic variation in human
plasma prolactin concentration. J Clin Endocrinol

Metab 1973; 36: 1119-24.

Parker DC, Rossman LG, Kripke DP et al. Rhythmicities
in human growth hormone concentrations in plasma. In:
Kreiger D T, ed. Endocrine rhythms. New York: Raven

Press, 1979; 143-73.

192



144

145

146

147

148

Parker DC, Rossman LG, Pekary AE, Hershamn JM. Effect
of 64-hour sleep deprivation on the circadian waveform
of thyrotropin (TSH): further evidence of sleep-
related inhibition of TSH release. J Clin Endocrinol

Metab 1987; 164: 157-61.

Chen TL, Feldman D. Glucocorticoid potentiation of the
adenosine 3’,5’-monophosphate response to parathyroid
hormone in cultured bone cells. Endocrinology 1978;

102: 589-96.

Ng B, Heckelman J, Heersche JNM. The effect of
cortisol on the adenosine 3’ ,5’-monophosphate response
to parathyroid hormone of bone in vitro. Endocrinology

1979; 104: 1130-5.

Ashby JP, Macpherson JN, Strong JA. The relationship
between thyroid function and the renal response to
parathyroid hormone. Clin Endocrinol (Oxf) 1977; 7:

167-70.

Van Inwegen RG, Robison GA, Thompson WJ, Armstrong KJ,

Stouffer JE. Cyclic nucleotide phosphodiesterases and

thyroid hormones. J Biol Chem 1975; 250: 2452-6.

193



149

150

151

152

153

Harkom TM, Kim JK, Palumbo PJ, Hui YSF, Dousa TP.
Modulatory effect of thyroid function on enzymes of
the vasopressin sensitive adenosine 37, 5/ -
monophosphate system in renal medulla. Endocrinology

1978; 102: 1475-84.

Northrop TE, Krezowski PA, Palumba PJ, Kim JK, Hui YS,
Dousa TP. Insulin inhibition of hormone-stimulated
protein kinase systems of rat renal cortex. Am J

Physiol 1979; 236: E649-54.

Spanos E, Colston KW, Evans IMS, Galnte LS, Macauley
SI, MacIntyre I. Effect of prolactin on vitamin D

metabolism. Mol Cell Endocrinol 1976; 5: 163-7.

Magliola LM, Thomas M, Forte L. Prolactin stimulates
parathyroid hormone secretion from bovine parathyroid
cells in vitro. In: Cohn DV, Talmage RV, Mathews JL,
eds. Hormonal control of calcium metabolism.

Amsterdam: Excerpta Medica, 1981; 351-5.

Fiore CE, D’'Agata R, Clementi G, Malatino LS.
Prolactin and calcium metabolism: influence of
hyperprolactinemia on immunoreactive parathyroid
hormone levels in man and in the rat. J Endocrinol

Invest 1984; 7: 647-51.

194



154

155

156

157

158

159

Theide MA. The mRNA encoding a parathyroid-like
peptide is produced in mammary tissue in response to
elevations in serum prolactin. Mol Endocrinol 1989; 3:

1443-7.

Kitamura N, Shigeno C, Shiomi K et al. Episodic
fluctuation in serum intact parathyroid hormone
concentration in men. J Clin Endocrinol Metab 1990;

70: 252-63.

Logue FC, Beastall GH, Fraser WD, O’Reilly DStd.
Intact parathyroid hormone assays. Br Med J 1990; 300:

210-1.

Statland BE, Winkel P, Bokelund H. Factors
contributing to intra-individual variation of serum
constituents: 2. Effects of exercise and diet on
variation of serum constituents in healthy subjects.

Clin Chem 1973; 19: 1380-3.

Elia M, Crozier C, Neale G. Mineral metabolism during
short-term starvation in man. Clin Chem Acta 1984;

139: 37-45.

Lo Cascio V, Cominacini L, Adami S, Galvanini G,
Davoli A, Scuro LA. Relationship of total and ionized
serum calcium circadian variations in normal and

hyperparathyroid subjects. Horm Metabol Res 1982; 443.

195



160

161

162

163

164

Reeve J, Davies UM, Hesp R, McNally E, Katz D.
Treatment of osteoporosis with human parathyroid
peptide and observations on effect of sodium fluoride.

Br Med J 1990; 301: 314-8.

Tam CS, Heersche JNM, Murray JM, Parsons JA.
Parathyroid hormone stimulates the bone apposition
rate independently of its resorbtive action:
differential effects of intermittent and continuous

administration. Endocrinol 1982; 110: 506-12.

Sherwin RS, Felig P. Glucagon physiology in health and
disease. In: McCann SM, ed. International review of
physiology, Vol 16. Baltimore: University Park, 1977;

151-82.

Martin KJ, Freitag JJ, Bellorin-Font E, Conrades MB,
Klahr S, Slatopolsky E. The effect of acute acidosis
on the uptake of parathyroid hormone and the
production of adenosine 3’,5’-monophosphate by

isolated perfused bone. Endocrinol 1980; 106: 1607-11.

Beck N, Kim HP, Kim KS. Effect of metabolic acidosis

on renal action of parathyroid hormone. Am J Physiol

1975; 228: 1483-8.

196



165

166

167

168

169

Batlle D, Itsarayoungyuen K, Hays S, Aruda JAL,
Kurtzman NA. Parathyroid hormone is not anti-calciuric
during chronic metabolic acidosis. Kidney Int 1982;

22: 264-71.

Blind E, Schmidt-Gayk H, Scharla S et al. Two-site
assay of intact parathyroid  hormone in the
investigation of primary hyperparathyroidism and other
disorders of calcium metabolism compared with a
midregion assay. J Clin Endocrinol Metab 1988; 67:

353-60.

Chu SY, Chu AK. Clinical assessment of an intact
parathyroid hormone assay in the diagnosis of primary

hyperparathyroidism. Lab Med 1988; 19: 106-8.

Riggs BL, Arnaud CD, Goldsmith RS, Taylor WF, McCall
JT, Sessler AD. Plasma kinetics and acute effects of
pharmacologic doses of porcine calcitonin in man. J

Clin Endocrinol Metab 1971; 33: 115-27.

Payne RB, Buckley BM, Rawson KM. Protein interference
with ion-selective electrode measurement depends on
reference electrode composition and design. Ann Clin

Biochem 1991; 28: 68-72.

197



170

171

172

173

174

175

Murray TM, Peacock M, Powell D, Monchik JM, Potts Jnr
JT. Non-autonomy of hormone secretion in primary
hyperparathyroidism. Clin Endocrinol (Oxf) 1972; 1:

235-46.

Lockefeer JH, Hackeng WHL, Birkenhager JC. Parathyroid
hormone secretion in disorders of calcium metabolism
studied by means of EDTA. Acta Endocrinol 1974; 75:

286-96.

Parfitt AM. Relationship between parathyroid cell mass
and plasma calcium concentration in normal and uremic

subjects. Arch Int Med 1969; 124: 269-73.

Brown EM. Four-parameter model of the sigmoidal
relationship between parathyroid hormone release and
extracellular calcium concentration in normal and
abnormal parathyroid tissue. J Clin Endocrinol Metab

1983; 56: 572-81.

Gardin JP, Patron P, Fouqueray B, Prigent A, Paillard
M. Maximal PTH secretory rate and set point for
calcium in normal subjects and patients with primary

hyperparathyroidism. Min Elect Metab 1988; 14: 221-8.

Holmegaard SN. Measurement of cyclic AMP in clinical
investigations. Acta Endocrinologica 1982; Supplement

249: 1-47.

198



176

177

178

179

180

181

182

Aub JC, Bauer W, Heath C, Ropes M. Studies of calcium
and phosphorus metabolism. III. The effects of the
thyroid hormone and thyroid disease. J Clin Invest

1929; 7: 97-112.

Krane AM, Brownell GL, Stanbury JB, Corrigan H. The
effect of thyroid disease on calcium metabolism in

man. J Clin Invest 1956; 35: 874-87.

Adams PH, Jowsey J, Kelly PJ, Riggs BL, Kinney VR,
Jones JD. Effects of hyperthyroidism on bone and

mineral metabolism in man. Q J Med 1967; 36: 1-15.

Meunier P, Bianchi GGS, Edouard CM et al. Bone
manifestations of thyrotoxicosis. Orthop Clin North

Am 1972; 3: 745-774.

Melsen F, Mosekilde L. Morphometric and dynamic
studies of bone changes in hyperthyroidism. Acta Path

Microbiol Scand 1977; 85: 141-50.

Bijlsma JWJ, Duursma SA, Roelofs JMM, der Kinderen PJ.
Thyroid function and bone turnover. Acta Endocrinol

(Copenh) 1983; 104: 42-9.

Bordier P, Miravet L, Matrajt H et al. Bone changes
in adult patients with abnormal thyroid functions.

Proc R Soc Med 1967; 60: 1131-4.

199



183

184

185

186

187

188

Job JC, Milhaud G, Antener I, Rossier A. Les anomalies
du metabolisme calcique chez les enfant

hypothyroidiens. Ann Pediatr (Paris) 1967; 14: 2412-7.

Ross DS, Neer RM, Ridgway EC, Daniels GH. Subclinical
hyperthyroidism and reduced bone density as a possible
result of prolonged suppression of the pituitary-
thyroid axis with L-thyroxine. Am J Med 1987; 82:

1167-70.

Harden RM, Harrison MT, Alexander WD, Nordin BE.
Phosphate excretion and parathyroid function in

thyrotoxicosis. J Endocrinol 1964; 28: 281-8.

Bouillon R, de Moor P. Parathyroid function in
patients with hyper- or hypothyroidism. J Clin

Endocrinol Metab 1974; 38: 999-1004.

Castro JH, Genuth SM, Klein L. Comparative response to
parathyroid hormone in hyperthyroidism and

hypothyroidism. Metabolism 1975; 24: 839-48.

MacFarlane IA, Mawer EB, Berry J, Hann J. Vitamin D

metabolism in hyperthyroidism. Clin Endocrinol (Oxf)

1982; 17: 51-9.

200



189

190

191

192

193

Naafs MAB, van der Velden PC, Fischer HRA et al.
Changes 1in nephrogenous c¢yclic AMP excretion and
plasma cyclic AMP following treatment of
hyperthyroidism. Acta Endocrinol (Copenh) 1984; 106:

477-81.

Ross DS, Nussbaum SR. Reciprocal changes in
parathyroid hormone and thyroid function after
radioiodine treatment of hyperthyroidism. J Clin

Endocrinol Metab 1989; 68: 1216-9.

Rosen OM. Urinary cyclic AMP in Graves’ disease. N

Engl J Med 1972; 287: 670.

Tucci JR, Kopp LE. Urinary cyclic nucleotide levels in
patients with hyper- and hypothyroidism. J Clin

Endocrinol Metab 1976; 43: 1323-9.

Karlberg BE, Henriksson KG, Andersson RGG. Cyclic
adenosine 3/, 5’ -monophosphate concentration in
plasma, adipose tissue and skeletal muscle in normal
subjects and in patients with hyper- and
hypothyroidism. J Clin Endocrinol Metab 1974; 39: 96-

101.

201



194

195

196

197

198

199

Fraser WD, Biggart EM, O’'Reilly DStJ, Gray HW,
McKillop JH, Thomson JA. Are biochemical tests of
thyroid function of any value in monitoring patients
receiving thyroxine replacement? Br Med J 1986; 293:

808-10.

Malbon CC, Greenberg ML. 3,3’,5-triiodothyronine
administration in vivo modulates the hormone-sensitive
adenylate cyclase system of rat hepatocytes. J Clin

Invest 1982; 69: 414-26.

Morgan DW, Shaheen O, Keyes WG, Heimberg M. Modulation
by thyroid status of hepatic low Km phosphodiesterase.

Endocrinology 1982; 110: 260-4.

Paul TL, Kerrigan J, Kelly AM, Braverman LE, Baran DT.
Long-term L-thyroxine therapy 1is associated with
decreased hip bone density in premenopausal women.

JAMA 1988; 259: 3137-41.

Mundy GR, Shapiro JL, Bandelin JG et al. Direct
stimulation of bone resorption by thyroid hormones.

J Clin Invest 1976; 58: 529-34.

Nebert DW, Nelson DR, Coon MJ, et al. The P450
superfamily: Update on new sequences, dJene mapping,
and recommended nomenclature. DNA and Cell Biology

1991; 10: 1.

202



200

201

202

203

204

205

Ahlgren R, Simpson ER, Waterman MR, Lund J.
Characterisation of the promoter/regulatory region of
the bovine CVPIIA (P-450..) gene. Basal and cAMP-

dependent expression. J Biol Chem 1990; 265: 3313-9.

Haynes RC, Koritz SB, Peron FG. Influence of adenosine
3’,5’- monophosphate on corticoid production by rat

adrenal glands. J Biol Chem 1959; 234: 1421-3.

Imura H, Matsukura S, Matsuyama H, Setsuda T, Miyake
T. Adrenal steroidogenic effect of adenosine 37,5'-
monophosphate and its derivatives in-vivo. Endocrinol

1965; 76: 933-7.

Grahame-Smith DG, Butcher RW, Ney RL, Sutherland EW.
Adenosine 3’,5’- monophosphate as the intracellular
mediator of the action of adrenocorticotropic hormone

on the adrenal cortex. J Biol Chem 1967; 242: 5535-41.

Lowry PJ, McMartin C. Measurement of the dynamics of
stimulation and inhibition of steroidogenesis in
isolated rat adrenal cells by using column perfusion.

J Biochem 1974; 142: 287-94.

Gill GN, Garren LD. Role of the receptor in the
mechanism of action of adenosine 3’:5'-cyclic
monophosphate. Proc Nat Acad Sci (USA) 1971; 68: 786-

90.

203



206

207

208

209

210

211

Schimmer BP. Cyclic nucleotides in hormonal regulation
of adrenocortical function. Adv Cyclic Nuc Res 1980;

13: 181-214.

Clegg CH, Abrahamsen MS, Degen JL, Morris DR, McKnight
GS. Cyclic AMP-dependent protein kinase controls basal
gene activity and steroidogenesis in Y1 adrenal tumour

cells. Biochem 1992; 31: 3720-6.

Whitehouse BJ, Abayasekara DRE. Roles of type I and
type II isoenzymes of cyclic AMP-dependent protein
kinase in steroidogenesis in rat adrenal cells. J Mol

Endocrinol 1994; 12: 195-202.

Ehrhart-Bornstein M, Bornstein SR, Trzeclak WH, et al.
Adrenaline stimulates cholesterol side-chain cleavage
cytochrome P4590 mRNA accumulation in bovine

adrenocortical cells. J Endocrinol 1991; 131: R5-RS8.

Davies AO, Lefkowitz RJ. Regulation of f-adrenergic
receptors by steroid hormones. Annu Rev Physiol 1984;

46: 119-30.
Foster S8J, Harden TK. Dexamethasone increases f-

adrenoreceptor density in human astrocytoma cells.

Biochem Pharmacol 1980; 29: 2151-3.

204



212

213

214

215

216

Davies A0, Lefkowitz RJ. Corticosteroid-induced
differential regulation of B-adrenergic receptors in
circulating human polymorphonuclear leukocytes. J Clin

Endocrinol Metab 1980; 51: 599-605.

Fraser CM, Venter JC. The synthesis of f-adrenergic
receptors in cultured human lung cells: induction by
glucocorticoids. Biochem Biophys Res Commun 1980; 94:

390-7.

Manganiello V, Vaughan M. An effect of dexamethasone
on adenosine 3',5  -monophosphate content and adenosine
3',5'-monophosphate phosphodiesterase activity of
cultured hepatoma cells. J Clin Invest 1972; 51: 2763-

7.

Lavin N, Rachelfsky G, Kaplan SA. Inhibition of cyclic
AMP phosphodiesterase in human lymphocytes by
physiological concentrations of hydrocortisone. Horm

Metab Res 1975; 7: 253-6.
Schmidtke J, Wienker T, Flugel M, Engel W. In vitro

inhibition of «c¢yclic AMP phosphodiesterase Dby

cortisol. Nature 1976; 262: 593-4.

205



217

218

219

220

221

Hahn TJ, Halstead LR. Cortisol enhancement of PTH-
stimulated cAMP accumulation in cultured fetal rat
long bone rudiments. Calcif Tissue Int 1979; 29: 173-

5.

Fucik RF, Kurkeja SC, Hargis GK, Bowster EN, Henderson
WJ, Williams GA. Effect of glucocorticoids on function
of the parathyroids in man. J Clin Endocrinol Metab

1975; 40: 152-5.

Hahn TJ, Halstead LR, Teitelbaum SL, Hahn BH. Altered
mineral metabolism in glucocorticoid-induced
osteopenia. Effect of 25-hydroxy vitamin D

administration. J Clin Invest 1979; 64: 655-65.

Rodan SB, Fischer MK, Egan JJ, Epstein PM, Rodan GA.
The effect of dexamethasone on parathyroid hormone
stimulation of adenylate cyclase in ROS 17/2.8 cells.

Endocrinology 1984; 115: 951-8.

Catherwood BD. 1,25-Dihydroxycholecalciferol and
glucocorticosteroid regulation of adenylate cyclase in
an osteoblast-like cell line. J Biocl Chem 1985; 260:

736-43.

206



222

223

224

225

226

227

Rodan SB, Rodan GA. Dexamethasone effects on -
adrenergic receptors and adenylate cyclase regulatory
proteins G, and G; in ROS 17/2.8 cells. Endocrinology

1986; 118: 2510-8.

Parker CW, Huber MG, Baumann ML. Alterations in cyclic
AMP metabolism in human bronchial asthma. J Clin

Invest 1973; 52: 1342-8.

Foster SJ, Perkins JP. Glucocortoids increase the
responsiveness of cells in culture to prostaglandin E,.

Proc Natl Acad Sci 1977; 74: 4816-20.

Tolone G, Bonasera L. Hydrocortisone increases the
responsiveness of most cells to B-adrenergic agonists
by an action distal to the f-adrenoreceptors. Br J Exp

Path 1979; 60: 269-75.

Bonasera L, Lo Presti P, Tolone G. Effects of
glucocorticoids on hormonal activation of adenylate

cyclase. Boll Soc It Biol Sper 1985; 61: 811-7.

Salti IS, Balaa MA, Butros SI. Lack of effect of
dexamethasone on the in-vivo parathyroid hormone
mediated generation of adenosine 3',5"-¢cyclic
monophosphate in rat kidneys. J Endocrinol Invest

1981; 4: 189-92.

207



228

229

230

231

232

233

234

Crapo L. Cushing’s syndrome: A review of diagnostic

tests. Metabolism 1979; 28: 955-77.

Tyrrell JB, Findling JW, Aron DC, Fitzgerald PA,
Forsham PH. An overnight high-dose dexamethasone
suppression test for rapid differential diagnosis of

Cushing’s Syndrome. Ann Int Med 1986; 104: 180-6.

Dent CE. Cortisone test for hyperparathyroidism. Br

Med J 1956; i: 230.

Dent CE. Some problems of hyperparathyroidism. Br Med

J 1962; ii: 1419-25, 1495-1500.

Dent CE, Watson L. The hydrocortisone test in primary
and tertiary hyperparathyroidism. Lancet 1968; ii:

662-64.

Watson 1L, Moxham J, Fraser D. Hydrocortisone
suppression test and discriminant analysis in
differential diagnosis of hypercalcaemia. Lancet 1980;

i: 1320-3.

Tomlinson S, Hendy GN, Pemberton DM, O’'Riordan JLH.
Reversible resistance to the renal action of
parathyroid hormone in man. Clin Sci Mol Med 1976; 51:

59-69.

208



235

236

237

238

239

240

Lewin IG, Papapoulos SE, Hendy GN, Tomlinson S,
O’Riordan JLH. Renal adenylate cyclase responsiveness
and the hyperparathyroidism of chronic renal failure.

Clin Sci Mol Med 1978; 54: 27p-8p.

Lewin IG, Papapoulos SE, Hendy GN, Tomlinson S,
O’Riordan JLH. Reversible resistance to the renal
action of parathyroid hormone in human vitamin D

deficiency. Clin Sci 1982; 62: 381-7.

Gershberg HD, Harrison HC. The acute effects of
parathyroid extract in states of oedema, diminished
renal function and parathyroid disease. J Clin

Endocrinol 1959; 19: 681-91.

Becker KL, Purnell DC, Jones JD. Tubular absorption of
phosphate in primary hyperparathyroidism before and
after administration of parathyroid hormone. J Clin

Endocrinol 1964; 24: 347-51.

Evanson JM. The response to the infusion of
parathyroid extract in hypocalcaemic states. Clin Sci

1966; 31: 63-75.

Henderson JE, Shustik C, Kremer R, Shafaat RA, Hendy
GN, Goltzman D. Circulating concentrations of
parathyroid hormone-like peptide in malignancy and in

hyperparathyroidism. J Bone Miner Res 1990; 5: 105-12.

209



241

242

243

244

245

Ikeda K, Arnold A, Mangin M, et al. Expression of
transcripts encoding a parathyroid hormone-related
peptide in abnormal human parathyroid tissue. J Clin

Endocrinol Metab 1989; 69: 1240-8.

Danks JA, Ebeling PR, Hayman JA, et al.
Immunohistochemical localization of parathyroid
hormone-related protein in parathyroid adenoma and

hyperplasia. J Pathol 1990; 161: 27-33.

Docherty HM, Ratcliffe WA, Heath DA, Docherty K.
Expression of parathyroid hormone-related protein in
abnormal human parathyroids. J Endocrinol 1991; 129:

431-8.

Rodda CP, Kubota M, Heath JA et al. Evidence for a
novel parathyroid hormone-related protein in fetal
lamb parathyroid glands and sheep placenta:
comparisons with a similar protein implicated in
humoral hypercalcaemia of malignancy. J Endocr 1988;

117: 261-71.

Thiebaud D, Janisch S, Koelbl H, et al. Direct
evidence of a parathyroid related protein gradient
between the mother and the newborn in humans. Bone

Miner 1993; 23: 213-21.

210



246

247

248

249

250

251

MacKenzie F, Logue FC, Fraser WD, et al. The
development of a two-site immunometric assay for N-
terminal parathyroid hormone [PTH(1-34)]. J Endocrinol

1991; 129 (Supp): 224 (abstract).

Burtis WJ, Brady TG, Orloff JJ et al. Immunochemical
characterisation of circulating parathyroid hormone-
related protein in patients with humoral
hypercalcaemia of cancer. N Eng J Med 1990; 322: 1106-

12.

Ratcliffe WA, Hutchesson ACJ, Bundred NJ, Ratcliffe
JG. Role of assays for parathyroid-hormone-related
protein 1in investigation of hypercalcemia. Lancet

1992; 339: 164-7.

Pandian MR, Morgan CH, Carlton E, Segre GV. Modified
immunoradiometric assay of parathyroid hormone-related
protein: c¢linical application in the differential
diagnosis of hypercalcaemia. Clin Chem 1992; 38: 282-

8.

Rosenthal FD, Roy S. Hypertension and
hyperparathyroidism. British Medical Journal 1972;

iv: 396-7.

Hellstrom K, Birke G, Edvall CA. Hypertension and

hyperparathyroidism. Brit J Urology 1958; 30: 13-24.

211



252

253

254

255

256

257

Christensson T, Hellstrom K, Wengle B. Blood pressure
in subjects with hypercalcaemia and primary
hyperparathyroidism detected in a health screening

programme. Eur J Clin Invest 1977; 7: 109-13.

Heath H, Hodgson SF, Kennedy MA. Primary hyper-
parathyroidism: incidence, morbidity and potential
economic impact in a community. N Eng J Med 1980;

302: 189-93.

Moore WT, Smith LH. Experience with a calcium
infusion test 1in parathyroid disease. Metabolism

1963; 12: 447-51.

Brinton GS, Jubiz W, Lagerquist LD. Hypertension in
primary hyperparathyroidism: the role of the renin-
angiotensin system. J Clin Endocrinol Metab 1975; 41:

1025-9.

Christensson T, Hellstrom K, Wengle B, Alveryd A,
Wikland B. Prevalence of hypercalcaemia in a health
screening in Stockholm. Acta Medica Scandinavica

1976; 200: 131-7.

Zawada ET, Brickman AS, Maxwell MH, Tuck M.
Hypertension associated with hyperparathyroidism is
not responsive to angiotensin blockade. J Clin

Endocrinol Metab 1980; 50: 912-5.

212



258

259

260

261

262

263

Ganguly A, Weinberger MH, Passmore JM, et al. The
renin-angiotensin-aldosterone system and hypertension
in primary hyperparathyroidism. Metabolism 1982; 31:

595-600.

Vlachakis ND, Frederics R, Valasquez M, Alexander N,
Singer F, Maronde RF. Sympathetic system function and
vascular reactivity in hypercalcaemic patients.

Hypertension 1982; 4: 452-8.

Resnick LM, Lewanczuk RZ, Laragh JH, Pang PKT.
Parathyroid hypertensive-like activity in human
essential hypertension: relationship to plasma renin
activity and dietary salt sensitivity. J of

Hypertension 1993; 11: 1235-41.

Madhavon T, Frame B, Block MA. Influence of surgical
correction of primary hyperparathyroidism on

associated hypertension. Arch Surg 1970; 212.

Ohlsson L. Renal function in hyperparathyroidism.

Acta Endocrinologica 1970; 63: 161-74.
Britton DC, Johnston IDA, Thompson MH, Fleming LB.

Renal function following parathyroid surgery in

primary hyperparathyroidism. Lancet 1971; ii: 74-5.

213



264

265

266

267

268

269

Williamson E, Van Peenan HG. Patient benefit in
discovering occult hyperparathyroidism. Arch Int Med

1974; 133: 430-1.

Salahudeen AK, Thomas TH, Sellars L, et al.
Hypertension and renal dysfunction in primary
hyperparathyroidism: effect of parathyroidectomy.

Clin Sci 1989; 76: 289-96.

Hvarfner A, Bergstrom R, Lithell H, Morlin C, Wide L,
Ljunghall S. Changes 1in calcium metabolic indices
during long-term treatment of patients with essential

hypertension. Clin Sci 1988; 75: 543-9.

Russell RGC, Smith R, Preston C, Walton RJ, Woods CG.
Diphosphonates in Paget’s disease. Lancet 1974; 1i:

894-8.

Canfield R, Rosner W, Skinner J, et al. Diphosphonate
therapy of Paget'’s disease of bone. J Clin Endocrinol

Metab 1977; 11: 96-106.

Frijlink WB, Bijvoet OLM, Te Velde J, Heynen G.
Treatment of Paget’s disease with (3-amino-1-
hydroxypropylidene) -1, 1-bisphosphonate (APD). Lancet

1979; i: 799-802.

214



270

271

272

273

274

Adami S, Salvagno G, Montesanti F, Garavelli S, Rosini
S, Lo Cascio V. Treatment of Paget’s disease of bone
with intravenous 4-amino-a-hydroxybutylidine-1,

l-bisphosphonate. Calcif Tissue Int 1986; 39: 226-9.

Gray RES, Yates AJP, Preston CJ, Smith R, Russell RGG,
Kanis JA. Duration of effect of oral diphosphonate
therapy of Paget’s disease of bone. Quarterly J Med

1987; 64: 755-67.

Van Breukelen FJM, Bijvoet OLM, Frijlink WB, Sleeboom
HP, Mulder H, Van Oosteroom AT. Efficacy of
aminohydroxypropylidene bisphosphonate in
hypercalcaemia: observations on regulation of serum

calcium. Calcif Tiss Int 1982; 34: 321-7.

Ralston SH, Gardner MD, Dryburgh FJ, Jenkins AS, Cowan
RA, Boyle IT. Comparison of aminohydroxypropilidene
diphosphonate, mithramycin and
corticosteroids/calcitonin in treatment of cancer-

associated hypercalcaemia. Lancet 1985; ii: 907-10.

Sleeboom HP, Bijvoet OLM. Treatment of tumour induced
hypercalcaemia. In: Garattini S, (ed) . Bone
resorption, metastasis and diphosphonates. New York:

Raven Press, 1985; 59-78.

215



275

276

277

278

279

Cantwell BMJ, Harris AL. Effect of single high dose
infusions of aminohydroxypropylidene diphosphonate on
hypercalcaemia caused by cancer. Br Med J 1987; 294:

467-9.

Singer FR, Fernandez M. Therapy of hypercalcaemia of

malignancy. Am J Med 1987; 82 (Suppl 2A): 34-41.

Huaux JP, Devogelaer JP, Brasseu JP, Nagant de
Deuxchaisnes C. Effect of diphosphonate APD on dual
photon absorptiometry in involutional osteoporosis.
In: Noram AW, (ed). Vitamin D. A chemical, biochemical
and clinical update. Berlin: Walter de Gruyter, 1985;

998-9.

McCloskey EV, Yates AJP, Gray RES, Hamdy NAT, Galloway
J, Kanis JA. Bisphosphonates and phosphate homeostasis

in man. Clin Sci 1988; 74: 607-12.

Papapoulos SE, Harinck HIJ, Bijvoet OLM, Gleed JH,
Fraher LJ, O’Riordan JLH. Effects of decreasing serum
calcium on circulating parathyroid hormone and vitamin
D metabolites in normocalcaemic and hypercalcaemic
patients treated with APD. Bone Mineral 1986; 1: 69-

78.

216



280

281

282

283

284

285

Gurney H, Kefford R, Stuart-Harris R. Renal phosphate
threshold and response to pamidronate in humoral

hypercalcaemia of malignancy. Lancet 1989; i: 241-3.

Bijvoet OLM. Kidney function in calcium and phosphate
metabolism. In: Avioli LV, Krane SM (eds). Metabolic
bone disease, Vol 1. New York: Academic Press, 1977;

463-75.

Parfitt AM. Equilibrium and disequilibrium
hypercalcaemia: new light on an old concept. Metab

Bone Dis Rel Res 1979; 1: 279-93.

Adami S, Muirhead N, Manning RM, et al. Control of
secretion of parathyroid hormone 1in secondary
hyperparathyroidism. Clin Endocrinol (Oxf) 1982; 16:

463-73.

Grant FD, Conlin R, Brown EM. Rate and concentration
dependence of parathyroid hormone dynamics during
stepwise changes in serum ionised calcium in normal

humans. J Clin Endocrinol Metab 1990; 71: 370-8.

Grill VvV, Murray RM, Ho PW, et al. Circulating PTH and
PTHrP levels before and after treatment of tumour
induced hypercalcaemia with pamidronate disodium

(APD). J Clin Endocrinol Metab 1992; 74: 1468-70.

217



286

287

288

289

290

Blind E, Rave F, Meinel T, Wuster C, Ziegler R.
Levels of parathyroid related protein (PTHrP) in
hypercalcaemia of malignancy are not lowered by
treatment with the bisphosphonate BM 21.0955. Hormon

Metab Res 1993; 25: 40-4.

Body JJ, Dumon JC, Thirion M, Cleeren A. Circulating
PTHrP concentrations in tumour-induced hypercalcaemia:
influence on the response to bisphosphonate and
changes after therapy. J Bone Miner Res 1993; 8: 701-

6.

Kukreja SC, Shemerdiak WP, Lad TE, Johnson PA.
Elevated nephrogenous cyclic AMP with normal serum
parathyroid hormone 1levels in patients with lung

cancer. J Clin Endocrinol Metab 1980; 51: 197-201.

Martin TJ, Atkins D. Biochemical regulators of bone
resorption and their significance in cancer. Essays in

Medical Biochemistry 1979; 48: 49-82.

Ratcliffe WA, Norbury S, Heath DA, Ratcliffe UJG.
Development and validation of an immunoradiometric
assay for parathyrin-related protein in unextracted

plasma. Clin Chem 1991; 37: 678-85.

218



291

292

293

294

295

Gallacher S J, Fraser W D, Patel U et al. Breast
cancer-associated hypercalcaemia: a reassessment of
renal calcium and phosphate handling. Ann Clin Biochem

1990; 27: 551-6.

Bundred NH, Ratcliffe WA, Walker RA, Coley S, Morrison
JM, Ratcliffe JG. Parathyroid hormone related protein
and hypercalcaemia in breast cancer. Br Med J 1991;

303: 1506-9.

Brandt DW, Burton DW, Gazdar AF, Oie HE, Deftos LJ.
All major lung cancer cell types produce parathyroid
hormone-like protein: Heterogeneity assessed by high
performance liquid chromatography. Endocrinol 1991;

129: 2477-80.

Farr HW, Fahey TJ, ©Nash AG, Farr CM. Primary
hyperparathyroidism and cancer. Am J Surg 1973; 126:

539-43.

Shek CC, Natkunam A, Tsang V, Cockram CS, Swaminathan
R. Incidence, causes and mechanism of hypercalcaemia
in a hospital population in Hong Kong. Quart J Med

1990; 77: 1277-85.

219



296

297

298

299

300

301

Ralston SH, Alzaid AA, Gallacher SJ, Gardner MD, Cowan
R A, Boyle IT. Clinical experience with
aminohydroxypropylidene bisphosphonate (APD) in the
management of cancer-associated hypercalcaemia. Quart

J Med 1988; 258: 825-34.

Gurney H, Grill V, Martin TJ. Parathyroid hormone-
related protein and response to pamidronate in tumour-

induced hypercalcaemia. Lancet 1993; 341: 1611-13.

Wuthrich RP, Vallotton MB. Factors regulating
prostaglandin E2 Dbiosynthesis in renal cortical

tubular cells. Biochem Pharmacol 1986; 35: 2297-300.

Lowry PJ. A sensitive method for the detection of
corticotrophin releasing factor using a perfused

pituitary cell column. J Endocrinol 1974; 62: 163-4.

Gillies G, Lowry PJ. Perfused rat anterior pituitary
cell column bioassay for factor(s) controlling release
of adrenocorticotrophin: Validation of a technique.

Endocrinology 1978; 103: 521-7.

McDougall JG, Williams BC. An improved method for the

superfusion of dispersed rat adrenal cells. J

Endocrinol 1978; 78: 157-8.

220



302

303

304

305

306

307

Kraut JA, Gordon EM, Ransom JC, Coburn JW, Kurokawa K.
The effect of chronic metabolic acidosis on the end
organ responsiveness to parathyroid hormone in man. J

Clin Endocrinol Metab 1983; 56: 619-22.

Wong NLM, Quamme GA, Dirks JH. Actions of parathyroid
hormone are not impaired during chronic metabolic

acidosis. J Lab Clin Med 1985; 105: 472-8.

Bichara M, Mercier O, Borensztein P, Paillard M. Acute
metabolic acidosis enhances circulating parathyroid
hormone, which contributes to the renal response
against acidosis in the rat. J Clin Invest 1990; 86:

430-43.

Bushinsky DA, Kittaka MK, Weisinger JR, Langman CB,
Favus MJ. Effects of chronic metabolic alkalosis on
Ca?*, PTH, and 1,25(0OH),D3 in the rat. Am J Physiol

1989; 257: E578-82.

Beck N, Webster S8SK. Effects of acute metabolic
acidosis on parathyroid hormone action and calcium

mobilization. Am J Physiol 1976; 230: 127-31.

O'Reilly D 8t J, Fraser W D, Penney M A et al
Arginine infusion blocks the action of parathyroid
hormone but not arginine vasopressin on the renal

tubule in man. J Endocrinol 1986; 111: 501-6.

221



308

309

310

311

312

Klein GL, Coburn JW. Total parental nutrition and its
effects on bone metabolism. Crit Rev Clin Lab Sci

1994; 31: 135-67.

Fraser WD, Logue FC, Christie JP et al. Alteration of
the circadian rhythm of intact parathyroid hormone and
serum phosphate 1in women with established post

menopausal osteoporosis. Osteo Int (Submitted).

Robinson J, Charlwood C, Black A, Durham B, Freemont
A, Fraser WD. Restoration of normal parathyroid
hormone and phosphate circadian rhythms in patients
with established osteoporosis is associated with an
increase in bone mineral density. Proc Bone & Tooth

Soc Autumn Meeting, 1994; P6.

Robinson J, Charlwood C, Black A, Durham A, Fraser WD
Restoration of phosphate and parathyroid hormone
rhythms in patients with osteoporosis wusing timed
calcium and phosphate supplements. Proc ACB Nat

Meeting 1994; 67.

Smith KA, Fraser WD, Logue FC, Christie J, Buchanan L,
Beastall GH. Oestrogen status does not influence the
circadian rhythm of parathyroid hormone. Proc ACB Nat

Meeting 1994; 71.

222



313

314

315

316

317

Newland P, Logue FC, Beastall GH, Gallacher S,
O’Reilly D, Fraser WD. Characterisation of PTH
pulsatility in normal subjects pre and post EDTA using

deconvolution analysis. Proc ACB Nat Meeting 1994; 74.

Gallacher SJ, Logue FC, Fraser WD et al. Analysis of
pulsatile secretion of PTH (1-84) in normal subjects
and patients with hyperparathyroidism. Bone 1990; 11

(5): 375, abstract 7.

Newland P, Black A, Beastall GH, Logue FC, Fraser WD.
Changes in PTH (1-84) pulsatility and urinary cross-
links excretion during a 96h fast. Proc Bone & Tooth

Soc Spring Meeting 1995; P30.

Harms HM, Kaptaina V, Kulpmann WR, Brabant G, Hesch
RD. Pulse amplitude and frequency modulation of
parathyroid hormone in plasma. J Clin Endocrinol Metab

1989; 69: 843-51.

Samuels MH, Veldhuis J, Cawley C et al. Pulsatile
secretion of parathyroid hormone in normal young
subjects: Assessment by deconvolution analysis. J Clin

Endocrinol Metab 1993; 77 (2): 399-403.

223



318

319

320

321

322

Fraser WD, Robinson J, Lawton R, Dutton J, Durham B.
PTHrP secretion in HCM: analysis of mortality and
metastases in 88 patients. Proc Bone & Tooth Soc

Spring Meeting 1995; P5.

Grill Vv, Hillary J, Ho PMW et al. Parathyroid hormone-
related protein: A possible endocrine function in

lactation. Clin Endocrinol 1992; 6: 405-10.

Gallacher SJ, Fraser WD, Owens OJ et al. Changes in
calciotrophic hormones and biochemical markers of bone
turnover in normal human pregnancy. Eur J Endocrinol

1994; 131: 369-74.

Walsh CA, Birch MA, Fraser WD et al. Primary cultures
of human bone-derived cells produce parathyroid
hormone-related protein: a study of 40 patients of
varying age and pathology. Bone & Mineral 1994; 27:

43-50.

Walsh CA, Birch MA, Fraser WD et al. Expression and
secretion of parathyroid hormone-related protein by
human osteoblasts in vitro: Effects of

glucocorticoids. J Bone Miner Res 1995; 10: 17-25.

224



323 Fraser WD, Walsh CA, Birch MA, Lawton R, Durham B,
Gallagher JA. PTHrP production by osteoblasts in the
aetiology of fibrous dysplasia of the McCune Albright

Syndrome. J Endocrinol 1995; 144 (Suppl): OCl4.

225

=T OROW
UnIVERSITY
LIPRPPY

s



