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ABSTRACT
1. A highly selective alpha-1 adrenoceptor agonist that crosses the blood
brain barrier stimulated the secretion of corticotrophin (ACTH) in man
and in the rat in a dose-dependent manner. The effect was blocked by
selective alpha-1 antagonists which also cross the blood brain barrier.
It was concluded that activation of alpha-1 adrenoceptors stimulates ACTH
secretion. A considerable amount of evidence obtained in the rat and in
man suggested that the stimulant alpha-1 adrenoceptors are located in the
brain, rather than directly on the pituitary gland or in the periphery.
In the rat, the alpha-1 adrenoceptors stimulate ACTH secretion
predominantly by activating hypothalamic vasopressin neurones.
2. Intravenous infusions of adrenaline and dopamine did not stimulate
ACTH secretion or enhance the ACTH response to the corticotrophin
releasing factor (CRF-41) in man. It was concluded that circulating
catecholamines do not stimulate ACTH secretion under physiological
conditions, and the peripheral sympathoadrenal response to stress is not
responsible for the accompanying increase in ACTH secretion.
3. Activation of endogenous catecholamines increased ACTH secretion,
suggesting that the stimulant alpha-1 adrenoceptors are innervated by
catecholaminergic neurones and are likely to be physiologically relevant.
4. The physiological significance of the stimulant alpha-1 adrenoceptors
in man was demonstrated in two situations: the cortisol secretory pattern
during waking hours and the ACTH and cortisol responses to food ingestion
were both enhanced by an alpha-1 agonist and reduced by an alpha-1
antagonist. Cortisol secretion at night and in response to hypoglycaemia
were unaffected by an alpha-1 antagonist, suggesting that alpha-1
adrenoceptors mediate some but not all of the stimuli to ACTH secretion.
5. During some conditions of increased ACTH secretion,

inhibitory alpha-2

adrenoceptors are activated and they limit the ACTH response.
6. The potential clinical applications of this work are discussed.
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INTRODUCTION
The corticotroph cells of the adenohypophysis secrete a 39 amino acid
residue hormone, adrenocorticotrophic hormone (ACTH) whose main
physiological function is to stimulate steroidogenesis by the adrenal
cortex. Corticosteroids are essential life supporting hormones that are
secreted basally and in response to a variety of stressful stimuli. The
mechanisms that control the activity of the corticotrophs are an
important aspect of the physiological regulation of the adrenal cortex.

The role of adrenergic mechanisms in the control of secretion of ACTH has
aroused much interest but little consensus. Long (1947) suggested that
adrenaline released from the adrenal glands during stressful conditions
was a major factor stimulating ACTH secretion and many experiments have
been carried out to test this hypothesis with variable results. An
extension of this proposal was the more recent suggestion that
circulating catecholamines may act as physiological modulators that
enhance the action of the hypothalamic corticotrophin releasing factors
(Vale et a l , 1983; Giguere & Labrie, 1983). Another proposal, made
following the discovery of the brain's catecholamine systems, was that
activation of central catecholamines inhibits the hypothalamo-pituitary
adrenal axis (Weiner & Ganong, 1978). This was the dominant view when
these studies were undertaken. However,

it had also been proposed that

activation of central catecholamine systems may stimulate the secretion
of ACTH in the rat (Saffran & Schally, 1955) and in man (Butler et a l ,
1968). Despite the considerable interest in this field, the plethora of
apparently contradictory hypotheses made this a particularly confusing
area of neuroendocrinology.

This work aimed to reinvestigate the effects of the catecholamines on the
secretion of ACTH, using more selective pharmacological probes. As a

result of these investigations, the role of the catecholaminergic systems
in controlling the activity of the corticotrophs has been clarified and
it is now possible to offer explanations for the apparently contradictory
views summarised above. Clinical applications of this newly acquired
knowledge are proposed and it is hoped that these will be the subject of
future research.

HYPOTHALAMIC CONTROL OF THE CORTICOTROPHS
In 1919, Simmonds described the post mortem findings in a 21 year old
male dwarf. He attributed the atrophic adrenals, genitalia and thyroid to
disease of the adenohypophysis (Simmonds, 1919). The converse was
demonstrated by Harvey Cushing, who described how basophilic pituitary
adenomas caused a hypersecretory syndrome that was 'the symptomatic verso
of Addison's disease'

(Cushing, 1930). Smith (1930) found that in the

rat, hypophysectomy caused atrophy of the adrenal cortex but not the
medulla, and that adrenal atrophy did not occur if only the posterior
pituitary was ablated. The structure of ovine ACTH as a 39 amino acid
linear peptide was elucidated by Li et al (1955). The peptides from all
mammalian species share a common 1-24 fragment where the bioactivity
resides (Inouye & Otsuka, 1987). Although Aschner (1912) had recognised
that experimental injuries to the hypothalamus caused a hypopituitary
syndrome, the birth of Neuroendocrinology was probably at the hands of
Popa and Fielding (1930a), who described the hypothalamo-hypophysial
portal circulation. Popa and Fielding do not seem to have viewed their
contribution so grandly, as they described their findings as being 'in
corroboration and extension of Prof. Cushing's argument'

(Popa &

Fielding, 1930b). These authors believed the direction of blood flow to
be from the pituitary to the hypothalamus. Their anatomical findings were
extended by Wislocki and King (1936) who thought that the blood flowed in
the reverse direction. Green and Harris (1949) observed in the

anaesthetised rat that movement of the blood corpuscles in the long
portal vessels was indeed from the median eminence to the pars distalis,
and this was taken as supportive evidence for the 'neurovascular control
of the pars distalis'. The pioneering studies of Harris postulated the
existence of a hypothalamic hormone that stimulated the secretion of ACTH
by the adenohypophysis following transport in the hypothalamo-hypophysial
portal system (De Groot & Harris, 1950). The introduction by Saffran and
Schally (1955) of a method for incubation of anterior pituitaries with
hypothalamic extracts in vitro, followed by bioassay for the pituitary
hormones, confirmed Harris' hypothesis. Early candidates for a
corticotrophin releasing factor included adrenaline (Long, 1947) and
vasopressin (McCann & Brobeck, 1954) but they were rejected by most
investigators because of their weak direct action in vitro. More than 30
years after Harris' proposal, Vale and his colleagues identified in
extracts of sheep hypothalami a 41-residue peptide (ovine corticotrophin
releasing factor-41, CRF-41) that is capable of stimulating ACTH
secretion in the rat and in man (Vale et al, 1981; Grossman et al, 1982).
The structure of the human peptide was soon inferred by analysis of the
precursor gene (Shibahara et al, 1983) and that compound was also shown
to be bioactive in man (Schurmeyer et al, 1984; Hermus et al, 1984). In
addition to stimulating ACTH secretion, CRF-41 increases the synthesis of
the ACTH precursor, pro-opiomelanocortin (POMC; Bruhn et al, 1984a) and
stimulates the proliferation of corticotroph cells (Gertz et al, 1987;
McNicol et al, 1988). Immunohistochemical studies in rats and humans
showed that within the hypothalamus, the peptide is found in
parvocellular neurones of the paraventricular nucleus and the axons
project to the zona externa of the median eminence (Swanson et al, 1983;
Kruseman et al, 1984).

Much experimental evidence has accumulated showing that CRF-41 is

physiologically important in the control of corticotrophin secretion; the
peptide is detectable in rat portal plasma in concentrations that can
stimulate ACTH secretion by rat adenohypophysial cells in vitro (Gibbs &
Vale, 1982); CRF-41 receptors have been identified in rat

and human

adenohypophysis (Wynn et al, 1983; De Souza

et al, 1985);

the ACTH

response to stress is reduced by a selecive

CRF-41 antagonist

immunoneutralisation with CRF-41 anti-serum (J. Rivier et

and by

al, 1984;

Rivier & Vale, 1983a); lesions of the paraventricular nucleus that result
in a reduced CRF-41 content of the median eminence reduce the ACTH
response to stress (Bruhn et al, 1984b). As can be expected, the
secretion of CRF-41 into portal plasma is reduced by glucocorticoids
(Plotsky et al, 1986).

CRF-41 activates the plasma membrane adenylate cyclase, resulting in
accumulation of adenosine 3',5'-monophosphate (cAMP) in the corticotrophs
(Labrie et a l , 1982a; Giguere et al, 1982). In common with other hormones
that activate this system, a guanyl nucleotide regulatory protein (G
protein) appears to be involved in activating the enzyme following
binding of the hormone to the receptor (Labrie et al, 1982b). Evidence
suggests that this is the mechanism of action of CRF-41 in stimulating
ACTH secretion; forskolin and cholera toxin, which activate adenylate
cyclase but bypass the CRF-41 receptor, also stimulate ACTH secretion
(Heisler et al, 1982); the cAMP analogue 8-BrcAMP stimulates ACTH
secretion and POMC mRNA concentrations in rat anterior pituitary cells,
thus mimicking the action of CRF-41 (Abou-Samra et al, 1986; Labrie et
al, 1987); CRF-41 activates cAMP-dependent protein kinase, and inhibition
of this enzyme abolishes the ACTH and POMC mRNA responses to CRF-41 but
not to stimuli that act independently of cAMP (Reisine et al, 1985).
CRF-41 increases cytosolic calcium concentrations, and this effect is
mediated by activation of the adenylate cyclase enzyme, as it is

reproduced by forskolin and 8-BrcAMP and inhibited by somatostatin, which
inhibits adenylate cyclase (Luini et al, 1985; Heisler et al, 1982).
Somatostatin does not inhibit the calcium response to 8-BrcAMP, which
bypasses the adenylate cyclase enzyme. The increase in cytosolic calcium
is not seen in the presence of a chelating agent or when calcium is
excluded from the medium, suggesting that the source of the calcium is
extracellular rather than intracellular (Luini et al, 1985). Voltage
dependent calcium channels appear to be involved, as the effects of
CRF-41 are abolished by nifedipine, which blocks these channels (Luini et
al, 1985). The following scheme summarises the current views on the
action of CRF-41 via cAMP:
receptor binding -- > stimulant G protein

> adenylate cyclase

activation -- > cAMP generation -- > cAMP dependent protein kinase
activation -- > calcium channel activation and opening -- > increase in
cytosolic calcium ???-- > ACTH release

CRF-41 is not the only stimulant of ACTH secretion. The hypothalamus
secretes a 'corticotrophin releasing factor complex', the constituents of
which act synergistically with each other in stimulating corticotroph
activity. The ACTH releasing activity of vasopressin was recognised early
in the search for CRF (McCann & Brobeck, 1954), but it was initially
thought not to be important in the control of ACTH secretion because of
its weak direct stimulant action. More interestingly, vasopressin
enhances the stimulant action of CRF on ACTH secretion (Yates et a l ,
1971; Gillies et al, 1982; Rivier & Vale, 1983) and this effect is
demonstrable in man (Liu et al, 1983; DeBold et al, 1984). In contrast to
its weaker action in vitro, vasopressin is equipotent to CRF-41 in vivo,
due to synergism with endogenous CRF-41 (Rivier & Vale, 1983b). Evidence
suggests that vasopressin is physiologically important in regulating ACTH
secretion: vasopressin is released into hypophysial portal plasma

following stressful stimuli that release ACTH (Plotsky et al, 1985a;
Engler et al, 1989); stimulation of the secretion of endogenous
vasopressin with hypertonic saline augments the ACTH response to CRF in
the rat and in man (Yates et al, 1971; Milsom et al, 1985; Rittmaster et
al, 1987); vasopressin receptors of a distinct subtype have been
identified in the adenohypophysis (Lutz-Bucher 6c Koch, 1983; Koch 6c
Lutz-Bucher, 1985; Antoni, 1984; Jard et al, 1986); Brattleboro rats,
which are deficient in bioactive vasopressin, have comparatively low
corticosteroid responses to stress (Yates et al, 1971; Conte-Devolx et
al, 1982); vasopressin antagonists and antisera diminish the ACTH
response to stress (Rivier 6c Vale, 1983a; Linton et al, 1985).

The majority of vasopressin neurones in the supraoptic and
paraventricular nuclei project their axons down the pituitary stalk to
the neurohypophysis. However, immunohistochemical studies have revealed
that some parvocellular vasopressin neurones of the paraventricular
nucleus project to the zona externa of the median eminence and terminate
on portal capillaries (Zimmerman et al, 1977; Vandesande et al, 1977).
Vasopressin is present in blood obtained from long portal vessels in
concentrations far exceeding those in peripheral plasma (Zimmerman et al,
1973; Horn et al, 1985; Eckland et al, 1988a). The source of this
secretion may be the median eminence or the posterior pituitary by
retrograde flow via the short portal vessels (Oliver at al, 1977).
Adrenalectomy increases vasopressin secretion into portal blood,
suggesting that: it is under tonic inhibition by glucocorticoids (Koenig
et al, 1986; Eckland et al, 1988a). Anatomical studies have provided
another basis for the interaction of vasopressin with CRF-41. In
adrenalectomised rats, the CRF-41 neurones were found to express
vasopressin and its m-RNA (Roth et al, 1982; Wolfson et al, 1985) and the
two peptides were later colocalized in the same neurosecretory vesicles

in the median eminence of normal and adrenalectomized rats (Whitnall et
al, 1985). It is therefore likely that both peptides can be secreted
together in response to stress, although the composition of this
'complex' may vary in response to different stimuli, depending on which
set of neurones is activated; in normal rats, all the parvocellular
vasopressin neurones contain CRF-41, but only approximately 50% of the
CRF-41 neurones contain vasopressin, and the magnocellular neurones
contain vasopressin but no CRF-41 (see Figure 57, Page 200). In
adrenalectomised animals, vasopressin is found in the neurosecretory
vesicles of all the CRF-41 neurones (Whitnall et al, 1985 & 1987).

The colocalisation of CRF-41 and vasopressin in the same neurosecretory
vesicles makes co-secretion of the two peptides probable, and emphasises
their synergistic action. The changes in the proportion of neurones that
synthesise both peptides brought about by adrenalectomy suggests that the
intensity of the hypothalamic stimulus may be modulated by the hormonal
environment.

The direct stimulant action of vasopressin on ACTH secretion appears to
be mediated by the inositol phospholipid cycle (Raymond et a l , 1985). In
this system of second messengers, binding of the hormone to the receptor
activates a membrane-bound phosphodiesterase enzyme (phospholipase C ) ,
probably via a G protein, and this results in hydrolysis of a membrane
phospholipid, phosphatidyl inositol bisphosphate, into two intracellular
messengers,

inositol trisphosphate (IP3) and diacyl glycerol (DAG;

Berridge & Irvine, 1984).

IP3 is water soluble and enters the cytoplasm

where it binds to a specific receptor on the endoplasmic reticulum,
resulting in mobilization of intracellular calcium and in an increase in
cytosolic calcium concentrations. This activates protein kinases either
directly or via calmodulin kinase. IP3 is then hydrolysed by a series of

steps to inositol, which completes the cycle by combining with DAG to
regenerate phosphatidyl inositol bisphosphate. It has become clear that
in addition to IP3, higher inositol phosphates and cyclic isomers can
also be produced, and some of these are biologically active in mobilizing
intracellular calcium (Dixon & Hokin, 1987; Majerus et al, 1988). DAG is
lipid soluble and acts within the plasma membrane to activate the protein
kinase C family of enzymes (Nishizuka, 1984). Although DAG and IP3
activate distinct intracellular signalling pathways, there is evidence
for synergy between them (Nishizuka, 1984). DAG can either be recycled to
form phosphatidyl inositol bisphosphate, or hydrolysed by diglyceride
lipase to release arachidonic acid (Bell et al, 1979). Arachidonic acid
and its metabolites may act as intracellular second messengers or as
primary messengers following release from the cell.

A vasopressin analogue enhances the incorporation of radiolabelled
phosphorus into phosphatidyl inositol in cultured rat anterior pituitary
cells, suggesting that vasopressin may act by increasing the turnover of
this cycle (Raymond et al, 1985). Phospholipase C stimulates ACTH
secretion, as does a DAG analogue and a phorbol ester derivative that
activates the protein kinase C enzyme (Abou Samra et a l , 1986). Protein
kinase C activators do not enhance the action of a maximal concentration
of vasopressin, suggesting that the two act on the same pathway. In
contrast, the action of a maximal concentration of CRF-41 is enhanced by
protein kinase C activators, suggesting that CRF-41 does not act on this
pathway (Abou Samra et al, 1986). Similar experiments have been done with
8-BrcAMP, which enhances the action of vasopressin but not CRF-41. These
data confirm the view that in the pituitary, as in the liver, the direct
action of vasopressin is on the inositol phospholipid cycle, whereas
CRF-41 acts on the cAMP dependent protein kinase system.

The mechanism whereby vasopressin enhances the action of CRF-41 on the
secretion of ACTH is unclear. Vasopressin on its own has no effect on
cAMP accumulation but it enhances the cAMP response to CRF-41 (Giguere &
Labrie, 1982). It has been suggested that activation of protein kinase C
by vasopressin may result in phosphorylation of the CRF-41 receptor, its
G protein or the catalytic unit of the adenylate cyclase enzyme, or
inhibition of the cyclic nucleotide phosphodiesterase enzyme, any of
which would result in accumulation of cAMP (Bilezikjian & Vale, 1987).
However, enhancement of the accumulation of cAMP is not a completely
satisfactory explanation for the interaction of CRF-41 and vasopressin;
the major action of vasopressin is to enhance the action of a maximal
concentration of CRF-41, whereas cAMP does not have this effect (Abou
Samra et al, 1986).

Several other hypothalamic substances can release ACTH or enhance the
action of CRF-41, but their physiological significance is unclear. They
include oxytocin (Doepfner et al, 1963; Vale et al, 1983), catecholamines
(see later), angiotensin II (Maran & Yates, 1977; Gaillard et al, 1981;
Abou Samra et a l , 1986), vasoactive intestinal peptide (Westendorf et al,
1983), peptide histidine isoleucine (Tilders et al, 1984),
cholecystokinin (Reisine & Jensen, 1986) and bombesin (Hale et a l , 1984;
Olsen et a l , 1989).

THE ADRENERGIC RECEPTORS
The concept of tissue receptors was introduced by Langley (1905) who
observed that 'denervation of the nerves supplying the muscles leaves
essentially unaltered' the contractile response to nicotine. He concluded
that nicotine does not act on the axon endings but on hypothetical
'receptive substances'

in the muscle itself. He also predicted the

heterogeneity of receptors by observing that 'in the same class of cell
the receptive substances formed are commonly not identical'. Dale
demonstrated that there was more than one type of receptor mediating the
effects of the catecholamines.

In his classical paper on the actions of

ergot, Dale (1906) reported that in the presence of ergot,

'the stimulus

of adrenaline, or of impulses in sympathetic axons, causes relaxation of
the muscular wall of the arteries in place of the normal constriction'.
Having demonstrated that ergot did not destroy adrenaline or damage the
blood vessels (as they retained their responsiveness to pituitary
extract), he explained he effects of ergot by suggesting that the blood
vessels contain 'both motor and inhibitory' receptors and that ergot
blocks the former but not the latter. The terminology currently used in
the classification of adrenoceptors was suggested by Ahlquist (1948) who
examined the effects of a series of six sympathomimetic amines on a
number of tissues and found that these tissues could be divided into two
groups on the basis of the order of potency of the sympathomimetic
amines. He considered that there were at least two distinct general types
of receptors, which he named alpha, mediating 'excitatory functions and
with at least one of the inhibitory functions (intestine)' and beta which
mediate 'the inhibitory functions and with one important excitatory
function (myocardium)'. The further division of alpha adrenoceptors was
stimulated by Brown & Gillespie (1957) who found that the alpha
antagonist phenoxybenzamine increased noradrenaline release elicited by
nerve stimulation. They attributed this to occupancy of the tissue

receptors by the antagonist preventing the noradrenaline from combining
with the receptor and resulting in overflow of the neurotransmitter.
However, subsequent investigations demonstrated that noradrenaline
release is regulated by a negative feedback mechanism mediated by alpha
adrenoceptors situated on the noradrenergic neurones. These receptors can
be distinguished by their binding characteristics as well as their
function, so Langer (1977) suggested the terms 'alpha-1' for the
post-synaptic receptors and 'alpha-2' for the presynaptic receptors that
are situated on the noradrenergic neurones. It later became clear that
alpha-2 adrenoceptors may also exist postsynaptically and that beta
adrenoceptors may exist presynaptically (Ariens & Simonis, 1983). The
subclassification of beta adrenoceptors into beta-1 and beta-2 was
suggested by Lands et al (1967) who found that the potency of
sympathomimetic amines on the heart correlated with their lipolytic
action (beta-1), and that the bronchodilator effect correlated with
vasodilatation (beta-2).

The structure of adrenoceptors
In recent years, the amino acid sequences of all four subtypes of
adrenoceptors has been deduced from the cloning of their genes or
complementary DNA (Dixon et a l , 1986; Frielle et a l , 1987; Kobilka et al,
1987; Cottechia et a l , 1988). These receptors are structurally and
functionally related to a large family of receptors coupled to G
proteins,

including rhodopsin,

the human colour opsins and the muscarinic

cholinergic receptor (Dixon et a l , 1986). These receptors comprise
approximately 500 amino acid residues and include seven hydrophobic alpha
helical regions that span the plasma membrane, each consisting of 20-28
residues, connected by intracellular and extracellular hydrophilic loops
(Dohlman et al, 1987). These seven hydrophobic regions are
phylogenetically highly conserved, in contrast to the amino- and carboxy-
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termini, which are quite variable, as are the extracellular loops
(Frielle et a l , 1988). The site of the coupling to the G protein is
believed to be at the third intracellular loop (Dixon et a l , 1987).
Analysis of the structure of the adrenoceptors has revealed what are
believed to be phosphorylation sites that mediate the desensitisation of
these receptors, as will be described below. Both the beta-1 and the
alpha-1 adrenoceptor sequences contain these phosphorylation sites. They
consist of serine and threonine residues in the second and third
cytoplasmic loops, representing potential phosphorylation sites by
protein kinase C, and there is a consensus site for phosphorylation by
protein kinase A in the third cytoplasmic loop (Cottechia et a l , 1988;
Frielle et al, 1988)

The control of adrenoceptor synthesis
The main factors that affect the rate of adrenergic receptor synthesis
that have been studied so far are glucocorticoid and thyroid hormones,
and in some tissues like prostate, androgens.

The human and hamster beta-2 adrenoceptor genes contain what appear to be
consensus sequences for transcriptional regulation by glucocorticoids
(Ringold, 1985; Evans, 1988; Collins et a l , 1989). These TGTTCT sequences
may represent sites of binding of the glucocorticoid receptor to the
target gene. Addition of glucocorticoids to smooth muscle cells in vitro
causes a rapid increase in beta-2 adrenoceptor mRNA that precedes the
appearance of new receptor in the plasma membrane (Collins et a l , 1988).

Thyroid hormones appear to have different effects on adrenoceptor density
in different tissues. Thyroid hormones increase the density of beta
adrenoceptors in rat hearts (without affecting their agonist affinity),
resulting in an increase in agonist-stimulated adenylate cyclase activity

and contractile response (Tse et a l , 1980). Conversely, hypothyroidism is
associated with a reduction in beta adrenoceptor density and in the
intracellular response to activation of these receptors in rat heart.
These changes are presumably mediated by alterations in the rate of
receptor synthesis. The thyroid hormone receptor is a member of the
steroid hormone receptor family, so the effects of the thyroid hormones
may be directed at the transcriptional activity of the adrenoceptor gene.
The effects of thyroid hormones on alpha adrenoceptors in rat heart are
less clear, as both hyperthyroidism and hypothyroidism appear to be
associated with a reduction in alpha adrenoceptor density and the
activity of membrane phospholipase C (Bilezikian & Loeb, 1983).

The human beta-2 adrenoceptor gene has consensus sequences for
transcriptional regulation by cAMP (Deutch et a l , 1987; Montminy &
Bilezikian,

1987; Collins et a l , 1989). The significance of these

sequences for the regulation of adrenoceptor gene function has not been
elucidated yet.

The regulation of adrenoceptor degradation
In peripheral tissues, degradation of adrenoceptors is initiated by the
process of desensitisation. Desensitisation of adrenoceptors is believed
to be initiated by phosphorylation, leading to uncoupling from the
G-protein-catalytic enzyme unit, followed by internalization.

The

receptors may then be degraded intracellularly, or dephosphorylated and
resensitised (Lefkowitz & Caron, 1987).

Receptor desensitisation may be 'homologous', in which sensitivity is
lost to stimulation by the same agonist; or 'heterologous',

in which

stimulation by an agonist leads to loss of responsiveness to a wide range
of stimuli. Homologous desensitisation of beta adrenoceptors is mediated

by phosphorylation, catalysed by a cAMP-independent kinase,
adrenergic receptor kinase'

termed 'beta

(BARK; Strasser et al, 1986). This is a

ubiquitous cytosolic enzyme that has the apparently unique property of
phosphorylating the agonist-occupied form of the receptor. Although this
enzyme may phosphorylate a variety of receptors coupled to adenylate
cyclase,

it is able to mediate homologous desensitisation by virtue of

the fact that it only phosphorylates the receptor occupied by agonist. It
has been assumed that all receptors that are coupled to adenylate cyclase
share a common domain that bears the sites phosphorylated by BARK, but
that this domain is only exposed following occupation of the receptor by
the agonist (Lefkowitz & Caron, 1987).

An important mechanism of heterologous desensitisation of beta adrenergic
receptors involves phosphorylation by cAMP-dependent protein kinase. In
avian erythrocytes,

stimulation of adenylate cyclase by a hormone that

increases intracellular cAMP concentrations results in activation of
protein kinase A and phosphorylation of the beta adrenoceptor in its
serine residues (Sibley et al, 1984a). The pure beta adrenoceptor has
been shown to be a substrate for cAMP-dependent protein kinase in vitro
and this phosphorylation leads to loss of agonist-stimulated activation
of the G protein (Benovic et a l , 1985). Desensitisation of the alpha-1
adrenoceptor also appears to involve phosphorylation of the ligandbinding protein. Binding of an alpha-1 agonist in cultured smooth muscle
cells leads to phosphorylation,

internalization and desensitization of

the alpha-1 adrenoceptor in a temporal manner (Leeb Lundberg et a l ,
1987). The enzyme responsible for phosphorylation of the alpha-1 receptor
appears to be protein kinase C, as the effect is demonstrable following
treatment with the diacyl glycerol analogue phorbol esters (Leeb Lundberg
et a l , 1985; Bouvier et al, 1987). The desensitisation of the alpha-1 and
beta adrenoceptors by protein kinase C and cAMP-dependent protein kinase,

respectively, may represent negative feedback loops in which adrenergic
responsiveness is damped following binding of the agonist. To a lesser
extent, heterologous desensitisation of the beta adrenoceptor may also be
brought about by phosphorylation with protein kinase C, following
agonist-activation of the phosphatidyl inositol pathway (Sibley et a l ,
1984b; Bouvier et a l , 1987).

The distribution of adrenoceptors in the brain will be described in the
following section. The peripheral distribution of alpha-1 adrenoceptors
in man includes blood vessels (vasoconstriction), iris (mydriasis), skin
(piloerection) , urethral meatus (constriction) and bronchi
(constriction). Post-synaptic alpha-2 adrenoceptors are found in blood
vessels (vasoconstriction), pancreas (inhibition of insulin release) and
platelets (aggregation). Beta-1 adrenoceptors are in the heart (inotropic
and chronotropic effects, glycogenolysis) and intestine (relaxation).
Beta-2 adrenoceptors are in the bronchi (dilatation), blood vessels
(vasodilatation), liver (glycogenolysis and gluconeogenesis), pancreas
(stimulation of insulin and glucagon secretion), skeletal muscle
(glycogenolysis, tremor), uterus (relaxation) and iris (mydriasis). The
beta adrenoceptors that cause lipolysis in adipose tissue appear to be of
a distinct subtype and have been termed beta-3 adrenoceptors (Arch et a l ,
1984). Beta adrenoceptors are also located presynaptically on peripheral
sympathetic neurones and their activation increases noradrenaline
release, but the physiological significance of this effect is unclear
(Langer & Lehmann, 1988).

Dopaminergic receptors belong to the same family as adrenergic receptors.
They have been classified into two subtypes, D^ which stimulate the
production of cAMP and D^ which inhibit it. D^ receptors are located on
some vascular smooth muscle, especially in the renal and mesenteric beds.

Activation of these receptors causes vasodilatation but their
physiological significance is obscure (Langer & Lehmann, 1988).
Peripheral noradrenergic neurones posses

receptors whose activation

inhibits noradrenaline release (Langer & Lehmann, 1988). This presumably
accounts for some of the hypotensive action of dopaminergic agonists such
as bromocriptine in man (Mannelli et a l , 1984). However,

these receptors

probably play no major role in the physiological control of noradrenergic
neurones as dopaminergic antagonists do not increase the release of
noradrenaline from sympathetic neurones or the end organ response in
vitro or in vivo (Langer & Lehmann, 1988) . Similarly,

in man,

dopaminergic antagonists had no effect on plasma catecholamine
concentrations under basal conditions or during mild sympathetic
stimulation (Mannelli et a l , 1985), although the antagonist domperidone
caused a small enhancement of the catecholamine response to near-maximal
exercise (Mannelli et al, 1988).

Page

28

BRAIN CATECHOLAMINERGIC SYSTEMS
The first demonstration of the presence of catecholamines in the brain
was by von Euler (1946) who assumed that they were largely localised in
the vasomotor nerves accompanying the blood vessels. Vogt (1954)
correctly identified adrenaline and noradrenaline in brain tissue using
bioassays and found that their concentrations were unaltered by cervical
sympathectomy. The localization of the catecholamines in brain neurones
was demonstrated by Carlsson and his associates (Carlsson et a l , 1962 a &
b ) . Gaddum & Schild (1934) had demonstrated the fluorescent properties of
catecholamine derivatives and this principle was used by Carlsson and his
colleagues as a method for detection of catecholamines in freeze dried
brain slices condensed with formaldehyde. When viewed under a fluorescent
microscope, catecholamine derivatives gave a green fluorescence while
serotonin derivatives were yellow. The differentiation of noradrenaline
from dopamine required microspectrofluorimetric techniques (Bjorklund
et a l , 1968) and it was not possible to distinguish adrenaline from
noradrenaline as they have the same excitation and emission spectra. This
technique detected monoamines in cell bodies and nerve terminals but
concentrations along axons were too low to permit this. In order to
follow the course of axon bundles in serial sections, stereotaxic lesions
were made, causing "pile up" of the neurotransmitter proximal to the
lesion (Ungerstedt, 1971). Fluorescence in axons could also be enhanced
by injection of alpha-methyl-noradrenaline locally or systemically
(Bjorklund et a l , 1973). Much information was obtained with this method
on the localization and distribution of the catecholamines in rat and
human brain. More recently, those findings have been confirmed and
extended with other methods including chemical assays, autoradiography,
electron microscopy and immunocytochemistry with antibodies to the
enzymes of the catecholamine synthesis pathway. Most studies were done in
rats but the findings in man are essentially the same (Nobin & Bjorklund,
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1973; Pearson et a l , 1983).

Noradrenegic neurones are distributed throughout the brain but almost all
their cell bodies are situated in the brain stem, in the network of
neurones known as the reticular formation. Most attention has been
focused on the locus coeruleus (Area A^ in Figure 1, Page 44), so called
because of the blue appearence of the melanin pigment it contains.
nucleus lies in the upper part of the reticular formation,

This

in the floor

of the fourth ventricle in the dorsal pons and extends into the midbrain,
ventromedial to the mesencephalic nucleus of the trigeminal nerve (Finley
6c Cobb, 1940; Russell, 1955). Together with the supraoptic and
paraventricular nuclei,

the locus coeruleus has the densest capillary bed

in the brain (Finley 6c Cobb, 1940) but the significance of this remains
speculative.

Other important noradrenergic areas include the locus

subcoeruleus which lies ventrolateral to the locus coeruleus, the nucleus
tractus solitarius (A^ area) in the dorsomedial medulla and the A^ area
in the ventrolateral medulla. Efferent noradrenergic fibres supply the
spinal cord and the brain stem, the cerebellum via the superior
cerebellar peduncle,
and the diencephalon,

the forebrain via the dorsal noradrenergic bundle
including the hypothalamus, via the ventral

noradrenergic bundle (Olson 6c Fuxe, 1972; Bjorklund et a l , 1973; Nobin 6c
Bjorklund,

1973; Pickel et al, 1974; McBride 6c Sutin, 1976; Bowden et a l ,

1978; Pearson et a l , 1979). The neurones within catecholamine cell groups
such as the locus coeruleus are organized into units with respect to
their target innervation, suggesting a functional segregation of
catecholamine subunits (Foote et al, 1983).

In contrast to the widespread distribution of noradrenaline, dopamine is
confined to three main areas (Figure 2). The tubero-infundibular tract
has its cell bodies in the arcuate nucleus of the middle hypothalamus

(Area 12, Figure 2) near the inferior end of the third ventricle. The
axons project to the zona externa of the median eminence where they are
in close proximity to the first capillary bed of the hypothalamohypophysial portal system, into which dopamine is secreted.

In addition,

dopaminergic nerves with their cell bodies in the arcuate nucleus supply
the posterior and intermediate lobes of the rat pituitary (Ungerstedt et
al, 1971; Bjorklund et al, 1970; Bjorklund & Nobin, 1973). The incertohypothalamic tract has its cell bodies mainly in the zona incerta and
partly innervates the paraventricular nucleus (Bjorklund et a l , 1975).
The other two dopaminergic systems are the nigrostriatal and the
mesolimbic systems which are probably not relevant to ACTH secretion.

Unlike noradrenaline, adrenaline is not detectable in all parts of the
brain (Figure 3; Koslow & Schlumpf, 1974; Van Der Gugten et a l , 1976).

In

those areas where it is detectable, adrenaline is found in much lower
concentrations than noradrenaline (Vogt, 1954; Koslow 6c Schlumpf,

1974;

Gunne, 1962), suggesting that the adrenergic system is much smaller than
the noradrenergic system.

The distribution of 'adrenergic neurones' was

mapped with the indirect method of immunocytochemistry for
phenylethanolamine-N-methyl transferase (PNMT), the enzyme that converts
noradrenaline to adrenaline (Hokfelt et a l , 1973 6c 1974). The
immunocytochemical data are in broad agreement with evidence derived from
chemical assays for the activity of PNMT (Saavedra et al, 1974) and with
measurements of adrenaline concentrations with gas chromatography-mass
spectrometry (Koslow 6c Schlumpf, 1 9 7 4 ) . The cell bodies of the
'adrenergic neurones' lie within the reticular formation in the upper
medulla and project to the spinal cord, some cranial nerve nuclei, pons,
midbrain and diencephalon in which the highest concentrations are found
in the paraventricular and arcuate nuclei and the median eminence
(Hokfelt et a l , 1973 6c 1974; Koslow 6c Schlumpf, 1974; Saavedra et a l ,

1974; Van Der Gugten et a l , 1976). More recently, a group of 'adrenergic
neurones' with cell bodies in the caudal part of the lateral
hypothalamus, perifornical nucleus and zona incerta has been identified
(Ross et a l , 1984; Ruggiero et al, 1985).

The role of adrenaline as a neurotransmitter in the brain is still
unclear and there are data that suggest that the hypothalamic neurones
that contain PNMT are not 'adrenergic neurones' in the conventional
sense:
1. The neurotoxin 6 -hydroxydopamine depletes hypothalamic adrenaline
content but does not destroy PNMT neurones (Jonsson et a l , 1976; Mefford,
1987). This suggests that adrenaline may be stored in other neurones.
2. Fuller et al (1982) found that administration of the catecholamine
precursor L-DOPA reduced rather than increased hypothalamic adrenaline
content.

As L-DOPA interferes with amine uptake,

it is possible that

neuronal adrenaline may be taken up from the extracellular space rather
than synthesised in the aminergic neurones.
3. Immunohistochemical studies suggest that the PNMT neurones in the
hypothalamus do not contain the other enzymes of the catecholamine
synthesis pathway (Ross et a l , 1984; Ruggiero et a l , 1985).

A hypothesis has been suggested to explain these data (Ross et a l , 1984;
Mefford, 1987). This is that noradrenaline released from the
noradrenergic neurones is taken up by 'PNMT neurones' and converted to
adrenaline. This is then released back into the extracellular space, from
where it is taken up and stored with noradrenaline as a co-transmitter in
the noradrenergic neurones. Some of the adrenaline released from the PNMT
neurones may also act on alpha-2 adrenoceptors which these neurones
appear to innervate (Stolk et al, 1984).

Catecholamine innervation of the supraoptic and paraventricular nuclei
The supraoptic nucleus contains large (magnocellular) vasopressinergic
and oxytocinergic neurones that project to the posterior pituitary. A
more complex organisation is seen in the paraventricular nucleus, which
consists of two divisions, central magnocellular and peripheral
parvocelluar. These divisions have been further subdivided (Swanson &
Sawchenko,

1980). Most of the neurones in the magnocellular division of

the paraventricular nucleus are vasopressinergic or oxytocinergic cells
that project to the neurohypophysis. Separate cell groups within the
parvocellular division give rise to projections to the median eminence,
the brain stem and the spinal cord. Most of the neurones that project to
the zona externa of the median eminence are concentrated in the
periventricular and medial parts of the parvocellular division of the
paraventricular nucleus (Swanson & Sawchenko, 1980).

The catecholaminergic innervation of the hypothalamus will be described
in some detail as it forms the anatomical basis of the physiological
studies described in this thesis.

The hypothalamus contains the highest concentration of noradrenaline in
the brain (Vogt, 1954; Bertler & Rosengren, 1959; Bertler, 1961; Laverty
& Sharman,

1965). The origin of this noradrenaline is almost all

extrinsic as surgical isolation of the hypothalamus results in a drastic
reduction of its noradrenaline but not dopamine content (Weiner et a l ,
1972; Brownstein et al, 1976). The noradrenergic axons ascend in the
ventral noradrenergic bundle both crossed and uncrossed, so that each set
of brain stem nuclei appears to innervate both ipsilateral and
contralateral halves of the hypothalamus (Ungerstedt, 1971; Anden et a l ,
1966; Lindvall & Bjorklund, 1974; Palkovits et al, 1980).
Catecholaminergic nerve terminals can be identified in every hypothalamic

nucleus but two of the most densely innervated are the paraventricular
and supraoptic nuclei (Ungerstedt, 1971; Bowden et a l , 1978; Lindvall &
Bjorklund, 1974) and the median eminence (Bowden et a l , 1978; Bjorklund
et al, 1970; Lindvall 6e Bjorklund, 1974; Nobin & Bjorklund,

1973). Some

of the noradrenergic innervation of the median eminence appears to be
derived from the superior cervical ganglion (Brownstein et al, 1976;
Cardinali et al, 1981; Gallardo et a l , 1984). The distribution of
catecholaminergic terminals within the supraoptic and paraventricular
nuclei is heterogeneous and each subdivision of a nucleus receives a
catecholaminergic innervation from a select group of neurones in the
brain stem (McNeill & Sladek, 1980; Swanson et a l , 1981; Sawchenko &
Swanson, 1981).

The source of the noradrenergic fibres that innervate the paraventricular
and supraoptic nuclei has been studied in detail in the rat by Sawchenko
& Swanson (1982). They used a method that allows the simultaneous
localization within single cells, of an antigen, dopamine beta
hydroxylase (DBH, using an antiserum to rat adrenal DBH) and a
retrogradely transported fluorescent dye, trypan blue,

that was injected

in the region of the supraoptic or paraventricular nuclei. Cells that
contained both the dye and DBH were considered to be noradrenergic
neurones innervating the hypothalamus. This method may not differentiate
between noradrenergic and adrenergic neurones, as DBH is an enzyme that
is involved in the synthesis of both of these amines. Following
identification of the cell groups that give rise to the noradrenergic
innervation of the hypothalamus, an autoradiographic method was used to
trace the pathways to the hypothalamus, and to assess the distribution of
terminals within the paraventricular and supraoptic nuclei. The
autoradiographic method consisted of stereotaxic injections of tritiated
proline and leucine into the areas identified by the double marker

technique. Using these methods, the cell bodies of the neurones
innervating the paraventricular nucleus were found in the ventrolateral
medulla (A^/C^ group), in the medial part of the nucleus tractus
solitarius of the dorsomedial medulla (A2 /C 2 ) and in the rostral part of
the locus coeruleus (A^; see Figures 1 and 3, Page 44). Following
injection of the paraventricular nucleus, 98% of the doubly labelled
cells were found in those cell groups. Trypan blue was not found in any
of the cells in the A ^ , A,., A^ (subcoruleus) or area postrema,

indicating

that these areas did not contribute to the noradrenergic innervation of
the nucleus. Following injections in the supraoptic nucleus, doubly
labelled cells were found in the same areas and in a similar pattern to
the paraventricular nucleus.

In the autoradiographic studies, the findings were as follows:
1.

following the injection of labelled amino acids into the A^ area, the

label appeared in all parts of the parvocellular division of the
paraventricular nucleus, especially the medial and dorsal aspects.

In the

magnocellular division of the paraventricular nucleus, the label was
preferentially concentrated over the regions in which vasopressin cells
are known to be located (dorsolateral aspect of the posterior part). In
contrast,

the parts known to contain oxytocin neurones (anterior and

ventromedial aspects of the posterior magnocellular part) received a very
sparse projection. Similarly, in the supraoptic nucleus, the label was
clearly concentrated over the part known to contain vasopressin
(posteroventral). The projections to the supraoptic and paraventricular
nuclei were predominantly ipsilateral, although a crossed projection with
a similar distribution was also present. The decussation appeared to take
place within the medulla, before the fibres ascend in the medial
forebrain bundle. A light projection from the A^ group was also found in
the median eminence, especially in the zona interna.

2. Following the injection of amino acids in the

area, label appeared

in the parvocellular division of the paraventricular nucleus, but was
substantially less than following injection in the

area. Label was

never seen in the magnocellular part of the paraventricular nucleus or in
the supraoptic nucleus. The A^ projection was mostly ipsilateral.
3. Following injection of labelled amino acids into the locus coruleus
(A^), the label appeared in the medial part of the paraventricular
nucleus but not in the supraoptic nucleus. The projection was partly
crossed, although the ipsilateral projection was denser.

It therefore appears that the parvocellur division of the paraventricular
nucleus receives noradrenergic neurons from the A ^ , A^ and A^ areas of
the brain stem, in that order of importance. The magnocellular
vasopressin neurones of the paraventricular and supraoptic nuclei are
innervated only by the A^ group of cells. The oxytocinergic neurons do
not receive a significant noradrenergic innervation.

The relationship of the catecholaminergic nerve terminals to idenified
peptide neurones of the hypothalamus has been studied by the combined use
of more than one antiserum or by simultaneously using catecholamine
histofluorescence or autoradiographic techniques to identify
catecholaminergic neurones, and immuno cytochemistry to identify the
peptide neurones.

In the rat, catecholaminergic terminals have been

observed in close proximiy to CRF-41 (Mezey et a l , 1984a; Agnati et a l ,
1985; Liposits et a l , 1986 a & b) and vasopressin (Sladek & Zimmerman,
1982; Silverman et al, 1985) neurones in the paraventricular nucleus, and
to magnocellular vasopressin neurones in the supraoptic nucleus (McNeill
& Sladek, 1980; Swanson et al, 1981; Sladek 6c Zimmerman,

1982). Electron

microscopic studies have demonstrated synaptic contacts between these
neurones (Silverman et al, 1985; Liposits et a l , 1986b).

The distribution of adrenergic (PNMT containing) neurones appears to be
different from that of noradrenergic neurones in the paraventricular
nucleus (Swanson et a l , 1981). In the rat, adrenergic terminals are
concentrated in the parvocellur division and very few adrenergic
terminals are present on the magnocellular neurones of either
paraventricular or supraoptic nuclei. In contrast, noradrenergic
terminals are present in both parvocellular and magnocellular divisions,
but the density of the terminals is higher on vasopressin than oxytocin
neurones. This was interpreted as demonsrating 'specialization' of
adrenergic neurotransmitters (Swanson et al, 1981) but the interpreation
may be clouded by the finding that catecholamine neurones frequently
synapse wih dendrites which may be distant from the location of the cell
body (Silverman et a l , 1985). Adrenergic neurones have been shown to
innervate both CRF-41 (Mezey et a l , 1984a; Agnati et a l , 1985; Liposits
et a l , 1986b) and vasopressin (Swanson et a l , 1981) neurones.

Much less is known of the dopaminergic innervation of the paraventricular
nucleus. The incerto-hypothalamic tract has its cell bodies mainly in the
zona incerta and innervates the paraventricular nucleus (Bjorklund et a l ,
1975) . Swanson et al (1981) have identified in the paraventricular
nucleus nerve terminals that are immunoreactive to tyrosine hydroxylase
but not to DBH or PNMT, and it is possible that these may represent
dopaminergic neurones. Liposits & Pauli (1989) carried out unilateral
knife cuts in the rostral midbrain, to eliminate ascending adrenergic and
noradrenergic neurones. They found that axons immunostaining with
tyrosine hydroxylase persisted in the medial part of the paraventricular
nucleus, adjacent to cell bodies of CRF-41 neurones. The findings were
interpreted as demonstrating the presence of dopaminergic neurones
arising in the diencephalon and innervating the CRF-41 neurones of the

medial paraventricular nucleus.

Catecholaminergic innervation of the pituitary gland
The mammalian adenohypophysis is not innervated by catecholaminergic
neurones (Bjorklund et al, 1967; Saavedra et a l , 1975). The neural and
intermediate lobes of the rat contain significant quantities of dopamine
and smaller amounts of noradrenaline and adrenaline (Bjorklund et a l ,
1967; Saavedra et a l , 1975; Saavedra,

1985). The dopaminergic innervation

of the intermediate and posterior lobes is derived from neurones of the
arcuate nucleus (tuberoinfundibular tract,

area) that run in the

pituitary stalk (Bjorklund et a l , 1970 & 1973; Saavedra,

1985). The

adrenergic innervation of the neural and intermediate lobes is also
derived from the brain but the exact site of origin of the fibres is
unknown (Saavedra, 1985). The noradrenegic innervation of the posterior
pituitary is both from the brain (70 %) and from the superior cervical
ganglion (30 %) via nerves accompanying blood vessels (Bjorklund et a l ,
1970 &c 1973; Alper et al, 1980; Saavedra, 1985).

Catecholamines in hypophysial portal blood
Dopamine is secreted into hypophysial portal plasma (Ben Jonathan et a l ,
1977) and its role in the tonic inhibition of prolactin secretion is
established. However, there is controversy on whether adrenaline is
secreted into hypophysial portal plasma in any significant quantities.
The original studies found that concentrations of adrenaline and
noradrenaline in rat hypophysial portal plasma were no greater than in
peripheral plasma (Ben-Jonathan et a l , 1977 & 1980; Plotsky et al, 1978;
Cramer et al, 1979; Gudelsky et al, 1979; Reymond & Porter, 1982). More
recently, adrenaline concentration in plasma from the transected
pituitary stalk of anaesthetized rats was reported to be 50-100% higher
than the adrenaline concentration in peripheral venous plasma and

adrenaline

was detectable in adrenalectomised animals. This was

interpreted as

indicating a central source of adrenaline secretion into

the portal circulation (Johnston et a l , 1983;
reason for

Plotsky et al, 1985a). The

the differences is unclear, but it is possible that the source

of adrenaline in the latter experiments may have been partly derived from
the severed stalk nerves containing adrenergic fibres that innervate the
posterior and intermediate lobes, as the concentration of adrenaline in
plasma from a single portal vessel in the intact stalk is lower than that
in peripheral plasma (Reymond & Porter, 1982). Gibbs (1985) suggested
that adrenaline may be secreted into hypophysial portal blood during
stress but not under basal conditions and that most of the adrenaline in
portal blood originates in the adrenal medulla. Experiments on conscious
horses and sheep have shown that noradrenaline concentrations are higher
in blood obtained from tributaries of the facial vein (Redekopp et a l ,
1986) and the lesioned pituitary stalk (Thomas et a l , 1989) than in the
jugular vein. The source of the noradrenaline is unclear, as they may
have been from sympathetic nerves derived from the superior cervical
ganglion. This ganglion also appears to innervate some of the blood
vessels in the median eminence (Gallardo et a l , 1984). In humans
undergoing pituitary surgery, catecholamine concentrations in blood from
the lesioned stalk were higher than in the periphery, but mean
concentrations did not exceed 1.5 nM/1 (Paradisi et a l , 1989). Higher
concentrations are seen in peripheral plasma during stressful stimuli
(see Table 10), so it appears unlikely that the anterior pituitary is
exposed to much higher concentrations of adrenaline and noradrenaline
than are found peripherally.

Adrenergic receptors in the brain
Alpha and beta adrenoceptors have been identified in the brain by
radioligand binding studies and by bioassays.

The brain adrenoceptors

have identical pharmacological characteristics to those found in the
peripheral sympathetic nervous system. Alpha-1 and beta adrenoceptors are
located post-synaptically (on the target cell), but alpha-2 adrenoceptors
appear to be located both postsynaptically (on the target neurone) and
presynaptically (on the noradrenergic neuron)(U'Prichard, 1984). In each
case, activation of alpha-2 adrenoceptors inhibits the firing rate of the
neurones on which they are situated (Cedarbaum & Aghajanian,

1976;

Inenaga et a l , 1986). When the neurones are firing, activation of
presynaptic alpha-2 adrenoceptors is believed to act as a negative
feedback mechanism that regulates the rate of neurotransmitter release
(Aghajanian & Vander Maelen, 1982).

In the classical neurotransmitter model, the neuromuscular junction,
there is a perfect anatomical correspondence between the cholinergic
nerve terminals and the post synaptic nicotinic cholinergic receptors,
which are confined to morphologically defined synaptic regions (Fertuck 6c
Salpeter,

1976).

This does not apply to neurotransmitter systems in the

brain, as there is a mismatch between the distribution of catecholamine
nerve terminals and receptors. In general, the adrenergic receptors are
far more widely distributed than the adrenergic nerve terminals. This
applies to all subtypes of adrenergic receptors. For example, the caudate
nucleus, cerebellum, olfactory tubercle, globus pallidus, and the
substantia nigra have very high densities of beta adrenoceptors (Palacios
& Kuhar,

1980;

Rainbow et a l , 1984; Bloom et al, 1971) but no detectable

adrenergic nerve fibres (Swanson 6c Hartman, 1975) and very low
concentrations of noradrenaline (Versteeg et a l , 1976). Areas that have
high densities of alpha-1 adrenoceptors and sparse noradrenergic
innervation include the external plexiform layer of the olfactory bulb,
layer V of the cerebral cortex, the mammillary bodies, thalamus,
striatum,

and substantia nigra (Jones et a l , 1985;

Swanson 6c Hartman,

Page

40

1975; Morrison et a l , 1978). Alpha-2 receptors are found in high
densities in the anterior olfactory nuclei, olfactory tubercle, amygdala,
thalamus and entorhinal cortex (Unnerstall et a l , 1984) but these areas
receive a very sparse noradrenergic innervation (Swanson & Hartman,
1975). However,

in some areas there is a match between the densities of

adrenergic receptors and nerve terminals.

Several explanations have been proposed for the wide areas of apparent
mismatch.

First,

it is possible that the relatively restricted

distribution of the noradrenergic nerve terminals may be due to technical
factors related to lack of sensitivity of the methods for detecting
neurotransmitters. This is unlikely in the case of the noradrenergic
system as there is very good agreement on the distribution of
noradrenergic neurones in the data from several different methods,
including histofluorescence, measurement of noradrenaline concentrations
in tissue fragments and immunocytochemistry with antisera to both
tyrosine hydroxylase and dopamine beta hydroxylase. Furthermore,
several brain regions,

in

it is not possible to demonstrate the expected

increase in receptor density in response to denervation with
6 -hydroxydopamine, or reduction in density in response to noradrenaline
reuptake inhibitors, such as desmethylimipramine (Minneman et a l , 1979;
U'Prichard et a l , 1980). This confirms that these receptors are unlikely
to be innervated or regulated by catecholaminergic neurones. Another
possible explanation for the mismatch is that the apparent wide
distribution of the adrenoceptors may be due to detection of
non-bioactive binding sites. This is also unlikely as there is a good
correlation between binding site density and measures of bioactivity,
such as the production of intracellular messengers (Johnson 6c Minneman,
1985). Another possibility is that these receptors may be internalised or
that they may be in transit from one site to another in the neurone.

However,

this is difficult to reconcile with the biological activity of

these receptors, which presumably implies that they are located on the
outer surface of the cell membrane and coupled with the effector enzymes
of the intracellular second messenger systems.

The physiological functions of these non-innervated adrenergic receptors
are unknown.

Several authors have speculated that these receptors may be

activated by neurotransmitters diffusing over distances in extracellular
fluid or CSF, and that their function is to modulate the responsiveness
of neurones to incoming signals (Mobley & Greengard,

1985; Herkenham,

1987; Mefford, 1987). This has been termed 'paracrine' or 'parasynaptic'
transmission.

The presence of non-innervated receptors is important for interpreting
the results of pharmacological studies that rely on the use of extrinsic
agonists to assess the role of brain transmitter systems; clearly,
administration of an exogenous agonist may activate receptors that are
not innervated and the physiological significance of such studies should
be treated with caution. These and other considerations led to the
development of methods for the activation of endogenous catecholaminergic
systems described in this thesis.

The distribution of adrenoceptors in the hypothalamus and pituitary
The distribution of adrenoceptors in the hypothalamus has been studied by
autoradiography of slide-mounted sections and by radioligand binding of
homogenised rat brain membranes. Alpha-1 and alpha-2 binding sites are
found in high density in the paraventricular nucleus (Leibowitz et a l ,
1982) , including the regions that are immunoreactive to CRF-41 and
vasopressin neurophysin (Cummings & Seybold, 1988). Only the alpha-2
subtype is found in the median eminence (Leibowitz et a l , 1982). These

alpha-2 receptors are presumably post-synaptic in location, as
noradrenaline release from the median eminence is not inhibited by
alpha-2 adrenoceptors (Vizi et a l , 1985).

Some of the alpha receptors in

the median eminence appear to be innervated by the superior cervical
ganglion, as destruction of this ganglion results in an increase in alpha
adrenoceptor binding sites in the medial basal hypothalamus, presumably
indicating up-regulation of the denervated receptors (Cardinali et a l ,
1 9 8 1 ) . The function of these receptors is unknown,

although they could be

involved in vascular regulation. In the anterior pituitary, alpha-1
adrenoceptors have been demonstrated in cultured cells (Giguere et a l ,
1981;

Peters et a l , 1983) but are undetectable by autoradiography in

fixed sections obtained from pituitaries in vivo (Battaglia et a l , 1983;
DeSouza 6c Kuyatt, 1987).

It is possible that the appearance of pituitary

alpha-1 adrenoceptors in cultured cells is due to up-regulation of the
receptors in the absence of catecholamines in the culture medium.
Autoradiographic studies in the rat pituitary have shown alpha-1 binding
sites only in the posterior lobe and these appear to be innervated by the
superior cervical ganglion (DeSouza 6c Kuyatt, 1987).

Beta adrenoceptors are also found in the hypothalamus,

including the

paraventricular nucleus. The density of beta adrenoceptors is lower in
the hypothalamus than in other brain areas, and even lower densities are
found in the adenohypophysis (Leibowitz et al, 1982; Petrovic et a l ,
1983).

A higher density of beta adrenoceptors is found in the

intermediate lobe than in the anterior or posterior lobes (Bunn et a l ,
1986).

Both beta adrenoceptor subtypes are found in the hypothalamus,

whereas only beta-2 receptors are found in the pituitary (Petrovic et al,
1983;

DeSouza, 1985). Beta adrenoceptor binding sites have been detected

by autoradiography in human and rat anterior and posterior lobes
(DeSouza,

1985)

and in rat intermediate lobe (Schimchowitsch 6c Pelletier,

1988). Sato et al (1989), using an antiserum raised against
affinity-purified beta adrenoceptors, detected immunoreactive material in
the majority of corticotrophs of the rat adenohypophysis. The
immunoreactivity was scattered diffusely throughout the cytoplasm and was
associated with the plasma membrane, endoplasmic reticulum and ribosomes.

In the hypothalamus, dopaminergic receptors are found in highest density
in the median eminence (mostly D-l subtype) but the paraventricular
nucleus has an intermediate density of both D-l and D-2 binding sites
(Leibowitz et a l , 1982). In the adenohypophysis, only the D-2 receptor
subtype is found and is involved in the regulation of prolactin secretion
(Crease et a l , 1984). In several brain areas, dopaminergic neurones
possess presynaptic dopaminergic receptors whose activation inhibits the
synthesis and release of dopamine (Roth, 1984; Langer & Lehmann, 1988).
These receptors are not found on the tuberoinfundibular neurones of the
median eminence (Demarest & Moore, 1979). Some dopaminergic agonists
inhibit the release of noradrenaline from the hypothalamus, presumably
by acting on dopaminergic receptors located on the noradrenegic neurones
(Galzin et a l , 1982). However, dopaminergic antagonists do not increase
the electrically-stimulated release of tritiated noradrenaline from the
hypothalamus in vitro, suggesting that these receptors are unlikely to
play a role in the control of noradrenaline release (Galzin et al, 1982).

Figure 1 S ch e m a t i c r e pr es ent ati on of the o rigin (black dots) and
d i s t r i b u t i o n (shaded areas) of n ora dre nal ine in the rat brain. The
d i s t r i b u t i o n in man is e sse nti all y the same (Nobin & Bjorklund, 1973;
P e ar s o n et a l , 1983). R epr o d u ce d from U n g er s t e d t (1971).
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Figure 2 S c he m a t i c r ep re s e n ta t i on of the o rig in ( black dots) and
d i s t r i b u t i o n (shaded areas) of dopamine in rat b r a i n (Ungerstedt,

1971).
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Figure 3 S ch e m a t i c r e p r es e n t at i o n of the d i s t r i b u t i o n of a dr enaline
rat brain. R e p r o d u c e d from H okfe lt et a l , 1974.
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Figure 4 Chemical structures of the drugs used in this thesis.
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METHOXAMINE

(2,5 dimethoxyphenyl-beta-hydroxy isopropylamine)

Methoxamine is an adrenergic agonist with one of the highest selectivity
ratios for alpha-1: alpha-2 adrenoceptors (Starke et al, 1975; Drew, 1976
& 1977). The lack of alpha-2 agonist activity is attributable to the
absence of hydroxyl groups in positions 3 and 4 in the phenol ring, as
these groups are required for activity at alpha-2 adrenoceptors (Ruffolo
& Waddell, 1983). Methoxamine has no significant beta agonist activity;
it has no chronotropic or inotropic effect on the guinea pig, rabbit or
rat heart in vitro (Blinks, 1964; Karim, 1965; Benfey, 1973) or on the
human heart in vivo (Goldberg et a l , 1960). Consistent with its lack of
beta-2 agonist activity, methoxamine has no effect on blood sugar in man
(Grieco et a l , 1968; Imura et al, 1971). In high concentrations,
methoxamine has beta adrenoceptor antagonist activity (Blinks, 1964;
Karim, 1965; Imai, 1961). Methoxamine is approximately 100 times more
potent as an alpha-1 agonist than as a beta antagonist;

the pA^ value for

methoxamine vs isoprenaline in the isolated guinea pig atrium is 5.2
(Blinks, 1964), whereas the EC^ q for methoxamine in contracting the
rabbit pulmonary artery in vitro is 7.4x10 ^ (Starke et al, 1975).
Methoxamine has no activity at cholinergic or histaminergic receptors
(Blinks, 1964; Karim, 1965). Unlike noradrenaline, methoxamine is not
taken up into noradrenergic neurones (Trendelenburg et a l , 1970).

Methoxamine is more hydrophobic than noradrenaline (solubility in alcohol
1: 12 compared to 1:300 for noradrenaline; Reynolds,

1982) and the drug

readily crosses the blood brain barrier; 15 minutes following intravenous
administration in the dog, equal concentrations are found in brain and in
plasma (Pickworth et a l , 1977).

In man, methoxamine increases blood pressure and reduces heart rate
(Goldberg et al, 1960; Grieco et a l , 1968; Leenen et al, 1975) and causes

piloerection, urethral constriction and a rise in plasma renin acivity
(Leenen et a l , 1975). It has no effect on blood sugar, plasma insulin,
free fatty acids or electrolytes (Imura et a l , 1971; Leenen et a l , 1975).

Cerebroventricular injection of microgram doses of methoxamine has no
behavioural stimulant effects in the rat (Drew et a l , 1979; Segal &
Geyer, 1976). When the drug is given in much larger doses (in excess of
374 mg),

it causes an increase in locomotor activity (Segal & Geyer,

1976). The lack of behavioural stimulant effect of methoxamine in man is
reported in this thesis.

Methoxamine is used therapeutically in the reversal of hypotension during
spinal anaesthesia.

It is preferred to other agents in this situation

because of the absence of a cardiac stimulant effect.

PRENALTERQL

([-]-1-[4-hydroxyphenoxy]- 3 -isopropylamino -2 -propanol)

Prenalterol is a relatively selective beta-1 adrenoceptor agonist;

it has

no effect on the vascular resistance of the cat hind leg (beta-2 action)
while exerting a significant cardiac inotropic effect (beta-1 action;
Carlsson et a l , 1977). The maximal inotropic effect of prenalterol on cat
hearts is approximately 80% of the maximal effect of isoprenaline, so the
drug may be considered a partial agonist at beta-1 adrenoceptors (Mattson
et a l , 1982). The inotropic effects of prenalterol are antagonzied by
beta-1 but not by beta-2 or alpha antagonists (Mattson et a l , 1982).
Radioligand binding studies have shown that the drug binds but does not
activate beta-2 adrenoceptors (Hedberg et a l , 1980). Prenalterol may
therefore exert a beta-2 antagonist action in the presence of a beta-2
agonist (Mattson et a l , 1982).

The plasma half life of the drug is 1.8 hours but the metabolites are

excreted more slowly.

Excretion is rapid, 90% of the total dose

appearing in the urine within 24 hours (Graffner et al, 1981).

There appear to be no data on penetration of the blood brain barrier but
injection of small amounts of the drug into the vertebral artery of the
anaesthetised cat increases phrenic nerve discharge, suggesting that the
drug may cross the blood brain barrier (Folgering, 1980).

In addition to increasing cardiac output, prenalterol may cause a small
increase in plasma glycerol and free fatty acid concentrations which is
consistent with its receptor activity (Ronn et a l , 1980).

SALBUTAMOL(2-tert butylamino-1-(4-hydroxy-3 -hydroxymethyl)phenyl-ethanol)
Salbutamol is a beta agonist with relative selectivity for the beta-2
subtype of adrenoceptors (Cullum et a l , 1969). Salbutamol is equipotent
to the standard non-selective beta agonist isoprenaline in its action at
beta-2 adrenoceptors, while its beta-1 agonist activity is minimal. This
is exemplified by the salbutamol:isoprenaline potency ratios in standard
beta-1 adrenoceptor tissue preparations: positive inotropic effect on the
guinea pig atrium in vitro (ratio 0.0004:1), chronotropic effect on the
guinea pig atrium in vitro (ratio 0.002:1)

(Brittain, 1971). Salbutamol

is sometimes referred to as being less selective than it really is,
probably because it is not generally appreciated that the chronotropic
effect is mediated partly by beta-2 adrenoceptors. Further,

the choice of

pharmacological preparation is critical as salbutamol may induce a reflex
tachycardia in vivo secondary to its beta-2 vasodilator action.

Following intravenous administration of salbutamol in the rat, brain
concentrations are approximately 5% of peak plasma concentration,
suggesting that it has a limited penetration across the blood brain

barrier (Caccia & Fong, 1984). Much higher concentrations are found in
the pituitary and pineal, which are outside the blood brain barrier
(Caccia & Fong, 1984). Peripheral administration of salbutamol causes an
increase in the turnover of serotonin in rat brains (Waldmeier, 1981) and
the drug has behavioural effects in animals and an antidepressant action
in man (Lecrubier et a l , 1980). Whether these effects are mediated by
central or peripheral mechanisms is unclear.

Following intravenous administration in man, most of the drug appears in
plasma in unchanged form, but a pharmacologically inactive polar
metabolite is also present.

The plasma half life of the unchanged drug

is approximately one hour and 75% of the dose appears in the urine in the
first 24 hours, predominantly in an unchanged form (Evans et a l , 1973).

Intravenous infusions of salbutamol in man increase heart rate and
cardiac output, presumably by a vasodilator action (Goldberg et a l ,
1975). The beta-2 agonist action of salbutamol causes a tremor,
ventilatory stimulation, small increases in the blood sugar and plasma
insulin and a fall in plasma potassium concentrations (Leitch et a l ,
1976; Neville et a l , 1977).

THYMOXAMINE (4-[2dimethylaminoethoxy]-5 -isopropyl 2-methylphenylacetate)
Thymoxamine is one of the most selective available antagonists at
postsynaptic alpha-1 adrenoceptors. It is a competitive antagonist
(Birmingham 6c Szolcsanyi, 1965) and has no agonist activity in doses up
to 12 mg/kg in vivo (Birmingham et a l , 1967). Thymoxamine is 1400 times
less active than phentolamine at presynaptic alpha-2 adrenoceptors in the
rat heart (Drew, 1976). In the rat vas deferens,

thymoxamine has no

demonstrable presynaptic alpha-2 antagonist activity (Drew, 1977).
Thymoxamine has no beta adrenoceptor or serotonergic antagonist action

but a weak antihistaminic (H-l) activity has been shown in the guinea pig
ileum in vitro (Birmingham & Szolcsanyi, 1965). Further investigations on
the latter effect are reported in this thesis.

Thymoxamine is more hydrophobic than the endogenous catecholamines
(solubility in alcohol 1:11 compared to noradrenaline 1:300; Reynolds,
1982)

and it readily crosses the blood brain barrier following peripheral

administration (Wada et al, 1982). Its central effects in man have been
demonstrated on the duration of REM sleep (Oswald et al, 1975) and the
spinal reflexes (Phillips et a l , 1973). Thymoxamine blocks the stimulant
effect of amphetamines on cortisol secretion in man (Rees et a l , 1970).

Thymoxamine is rapidly desacetylated in human plasma by plasma
cholinesterase (Nielsen-Kudsk et a l , 1980) and the metabolite has the
same antagonist potency as the parent drug (Arbab et a l , 1973; Creuzet et
a l , 1980). Subsequent hepatic metabolism results in demethyldesacetylthymoxamine (Feniou et a l , 1980) which is much less active than the other
two compounds (Creuzet et a l , 1980). Both metabolites are excreted in the
urine as glucuronate and sulphate conjugates (Feniou et a l , 1980).

The

plasma half life of the drug and its active metabolite in man is 2.4
minutes (Griffin et al, 1972).

In common with other alpha-1 antagonists,

thymoxamine reduces arterial

blood pressure in the erect but not in the supine position,

increases

cardiac output presumably due to its vasodilator action (Myers et a l ,
1968), and causes drowsiness (Kane, 1970) and nasal stuffiness.

PRAZOSIN
(1-[4-amino-6,7-dimethoxy-2-quinazolinyl]-4-[2-furoyl]-piperazine)
Prazosin is a quinazoline derivative that is a highly selective

competitive post-synaptic alpha-1 adrenoceptor antagonist.

It reverses

the pressor action of adrenaline and noradrenaline but does not influence
the effects of clonidine in doses up to 100 ug/kg intravenously,
demonstrating that it has no significant alpha-2 adrenoeptor antagonist
activity (Langer et al, 1980; Doxey et al, 1981). Prazosin does not bind
to beta adrenergic, dopaminergic, serotonergic, cholinergic,
histaminergic or GABAergic receptors (Greengrass & Bremner,

1979).

Prazosin was originally thought to be a directly acting myorelaxant,
particularly as it shares some structural properties with some other
vasodilators;

the dimethoxybenzyl group is recognisable in papaverine and

the amino pyrimidine group is present in cAMP (Figure 4, Page 45).
However, extensive studies established that prazosin lacks direct
myorelaxant properties, and that its vasodilator and hypotensive actions
are mediated by blockade of post-synaptic alpha-1 adrenoceptors located
on vascular smooth muscle (Cavero

&

Roach, 1980).

Prazosin crosses the blood brain barrier following intravenous
administration. Brain concentrations are approximately 5% of plasma
concentrations (Dynon et a l , 1983), but as 95% of the drug is bound to
plasma proteins (Rubin & Blaschke, 1980), this presumably indicates that
the free fraction of prazosin freely penetrates the blood brain barrier.
In doses equivalent to those used in man, intravenous prazosin blocks the
effects of microiontophoretically applied noradrenaline on brain alpha-1
adrenoceptors in the rat (Menkes et a l , 1981).

The plasma half life of prazosin following intravenous administration in
man is approximately 3 hours (Bateman et al, 1979). Following oral
administration, bioavailabilty is only 38% due to a prominent first pass
hepatic effect (Rubin et a l , 1979). Prazosin is metabolised by

demethylation and the metabolites are less potent than the parent drug
(Althius & Hess, 1977). Less than 1% of the free drug is recovered in the
urine in man (Bateman et a l , 1979).

IDAZOXAN

(2-[2-(1,4-benzodioxanyl)]-2-imidazoline

Idazoxan is an imidazoline derivative that is a highly selective alpha-2
adrenoceptor antagonist;

it has minimal activity at alpha-1 adrenoceptors

and no significant activity at beta adrenoceptors, opiate, histamine,
acetyl choline or serotonin receptors, as demonstrated by radioligand and
bioassay studies (Doxey et al, 1983; Walter et a l , 1984). The antagonist
activity of idazoxan at alpha-1 adrenoceptors is far weaker than that of
yohimbine (Doxey et a l , 1983; Doxey et a l , 1984). Idazoxan increases
noradrenaline turnover in the central nervous system by its alpha-2
antagonist action but it has no effect on the turnover of dopamine,

in

contrast to the previously used alpha-2 antagonist, yohimbine (Walter et
al, 1984).

The plasma half life of idazoxan following an intravenous injection in
man is 4.2 hours (Muir et a l , 1986). The drug is rapidly metabolised in
the liver by hydroxylation of the phenyl group followed by conjugation
with glucuronide and sulphate (Clifford et a l , 1985).

High concentrations of idazoxan are detectable in the brain following
intravenous administration (Clifford et a l , 1985). In the rat,
intravenous injections of idazoxan cause significant central presynaptic
alpha-2 antagonist effects (Freedman and Aghajanian,

1984). In man,

intravenous injections of idazoxan abolish the sedative action of the
alpha-2 agonist clonidine, confirming that it exerts significant central
alpha-2 antagonist activity (Clifford et a l , 1985).

In man,

intravenous infusions of idazoxan cause small increases in

systolic blood pressure and plasma noradrenaline concentrations and
reduction of heart rate (Elliott et al, 1983 & 1984; Brown et a l , 1985).
A weak alpha-1 antagonist activity is evident in man as the drug
antagonises the pressor effect of the alpha-1 agonist phenylephrine
(Elliott et al, 1984). Idazoxan has no effect on blood glucose, plasma
inuslin or potassium concentrations in man, but it antagonises the
platelet aggregating and insulin inhibiting effects of adrenaline, which
are exerted on alpha-2 adrenoceptors (Elliott et a l , 1984; Brown et a l ,
1985).

YOHIMBINE

(17-hydroxyyohimban-16-carboxilic acid methylester)

Yohimbine is an indole derivative that is found in a variety of botanical
sources, particularly in the bark of Pausinystalia yohimbe and in the
root of Rauwolfia.
recently,

It is the oldest of the alpha-2 antagonists and until

it was regarded as being selective for alpha-2 adrenoceptors.

Yohimbine is certainly a potent presynaptic alpha-2 antagonist,

its

potency in antagonising the inhibitory action of clonidine (alpha-2
agonist) on the contractile response to electrical stimulation of the
nerve to the rat vas deferens being only slightly less than idazoxan
(Doxey et a l , 1984). However, yohimbine also has alpha-1 antagonist
activity, which was demonstrated by its ability to antagonise the
contractile response of the rat anococcygeal muscle to noradrenaline and
phenylephrine (alpha-1 agonist; Doxey et a l , 1984). In these tissues, the
selectivity ratios for alpha-2:alpha-1 adrenoceptors are 245:1 and 45:1
for idazoxan and yohimbine respectively (Doxey et a l , 1984). These
selectivity profiles were confirmed in radioligand binding studies in rat
cerebral cortex (Doxey et al, 1984). Yohimbine also acts as an antagonist
at presynaptic dopaminergic receptors as it increases dopamine turnover
in rat brain (Walter et al, 1984). Other actions of yohimbine that are

demonstrable in high concentrations include a local anaesthetic effect
and antagonism of serotonin (Goldberg & Robertson,

1983), which is

presumably related to the fact that yohimbine shares an indole amine
group with serotonin. These effects are probably not relevant in the
doses used in man (Goldberg & Robertson, 1983).

Administration of yohimbine in man causes small increases in systolic
blood pressure and the plasma concentrations of noradrenaline and its
metabolites,

suggesting an increase in noradrenaline turnover (Charney et

a l , 1982; Goldberg et a l , 1986). Following high doses of yohimbine (20 mg
orally), mild anxiety, piloerection and nasal stuffiness may be observed
(Charney et a l , 1982). Yohimbine has no effect on the secretion of any of
the anterior pituitary hormones in man (Goldberg et a l , 1986). The
tuberoinfundibular dopaminergic neurones are believed to have no
presynaptic autoreceptors, which is presumably why yohimbine has no
effect on prolactin secretion in man.

PROPRANOLOLd-isopropvlamino-3-[1-naphthyloxy] propan-2 -ol [hydrochloride])
Propranolol is a well known beta blocker.

It is a competitive antagonist

at beta-1 and beta-2 adrenoceptors with no partial agonist activity
(Barrett & Cullum, 1968). Propranolol also has local anaesthetic activity
of approximately equal potency to lignocaine (Barrett & Cullum, 1968). It
is a hydrophobic drug that crosses the blood brain barrier and has a
sedative action in man (Woods & Robinson, 1980).

The mean overall half life of the drug following intravenous infusion in
man is approximately 5 hours;

it is extensively metabolised in the liver,

the major metabolite being 4-hydroxypropranolol, which is excreted in the
urine as glucuronate and sulphate conjugates (Weiner, 1985).

In resting, supine humans,

intravenous injections of propranolol have

little effect on heart rate, blood pressure or any other index of beta
adrenoceptor activity (Weiner, 1985). This is presumably because
sympathetic tone is minimal under basal conditions. Propranolol
antagonises all the beta adrenoceptor-mediated effects of adrenaline and
noradrenaline described above.

Propranolol has been used extensively in the treatment of hypertension,
angina and thyrotoxicosis.

CHLORPHENIRAMINE
(3-[4-chlorophenyl]-3-[pyrid-2-yl]-NN-dimethylpropylamine)
Histaminic receptors have been classified into H^ which mediate smooth
muscle contraction and vasodilatation, and H^ which mediate gastric acid
secretion.

Chlorpheniramine is an alkyl amine that is a competitive

antagonist at H^ receptors (Douglas, 1985). This antagonist activity is
demonstrable by its ability to block the contractile effect of histamine
on human bronchial muscle and the guinea pig ileum in vitro. The drug
also has muscarinic anticholinergic activity (Douglas, 1985).

Chlorpheniramine is cleared slowly from human plasma following
intravenous infusion, the overall half life of the drug being 24 hours
(Peets et a l , 1972; Rumore, 1984). The drug is metabolised in the liver
by demethylation and oxidative deamination and the metabolites are
excreted in the urine (Peets et a l , 1972; Rumore,

1984).

Chlorpheniramine crosses the blood brain barrier following peripheral
administration in the rat and maximum concentrations are attained 15-30
minutes following the dose (Kamm et a l , 1969). The half life of
chlorpheniramine in rat brain is approximately 6 hours and the drug is

still detectable in the brain 24 hours after administration (Kamm et al,
1969). Its central effects in man include drowsiness and retardation of
motor skills.

Chlorpheniramine is used in the treatment of allergies and as an
antiemetic.

VASOPRESSIN ANTAGONIST (dPTyr(Me)AVP)
[1-deaminopenicillamine, 2-(O-methyl) tyrosine] arginine vasopressin

This vasopressin antagonist was a gift from Dr M. Manning, Toledo, Ohio,
USA. The peptide was synthesised by solid phase methods (Bankowski et a l ,
1978). It had been found that methylation of the phenolic hydroxyl group
of the tyrosine residue in position two of AVP resulted in a peptide
(Tyr[Me]AVP) with reduced pressor activity in comparison to the parent
compound; penicillamine substitution in position one of 1- deamino-AVP
produced a peptide (dPAVP) with antivasopressor antagonist activity and
reduced antidiuretic activity; when the 1-deamino-penicillamine and
2 - (O-methyl) tyrosine substitutions were combined,

the resultant peptide

had a three fold enhancement of the antivasopressor potency and a ten
fold reduction of the antidiuretic activity in comparison to dPAVP
(Bankowski et a l , 1978). dPTyr(Me)AVP has an antivasopressor pA£ of 7.96
in the phenoxybenzamine treated rat and minimal antidiuretic activity.
The peptide has anti-oxytocic activity in the isolated rat uterus
(Bankowski et a l , 1978).

This peptide has been shown to antagonise the stimulant action of
vasopressin on ACTH secretion in rats in vivo (Rivier & Vale,
Rivier et a l , 1984).

1983; C.

CRF-41 ANTAGONIST (alpha helical CRF 9-41)
J. Rivier et al (1984) hypothesised that the alpha helix in the secondary
structure of mammalian corticotrophin releasing factors was essential for
receptor binding. They designed and synthesised an analogue that
optimised alpha helix formation and found that this peptide (alpha
helical CRF) was indeed a more potent ACTH secretagogue than any other
member of the CRF family. Deletion of residues 1 to 6 from the amino
terminal had no major effect on bioactivity but further systematic
deletions resulted in peptides with partial agonist activity and
antagonist action when tested against CRF-41. The most potent of these
antagonists was the 9-41 residues of alpha helical CRF, which acted as a
competitive antagonist to CRF-41 in vitro and in vivo. This peptide
reduced plasma ACTH concentrations in adrenalectomised rats and
attenuated the ACTH response to ether stress in intact rats (J . Rivier et
a l , 1984). The antagonist action of alpha helical CRF 9-41 was specific,
in that it had no effect on the ACTH response to phorbol acetate, the LH
or FSH responses to LHRH, the TSH or prolactin responses to TRH, or the
GH response to GRH (J . Rivier et a l , 1984).

METHODS

Human volunteers
The volunteers taking part in the reported studies were medical students
or departmental staff members, aged 20 to 37 years. All the experiments
were approved by the Ethical Committee of the City and Hackney Health
Authoriy. Prior to entry into a study, the purpose of the investigation
and the methods were explained in detail and written consent was
obtained. The volunteers were asked to study the investigative protocol
and the consent form which had been approved by the Ethical Committee for
at least 24 hours before giving their final agreement to take part.

Prior to entry into the studies, the volunteers had a medical interview,
physical examination, electrocardiogram and a series of biochemical and
haematological blood tests,

including a thyroid, renal and hepatic

screen. A volunteer was only entered into a study if all the above
findings were normal and there was no evidence of drug or alcohol abuse
(alcohol consumption less than 10 units per w eek). Females were studied
if they had regular menstrual cycles (26 to 30 days) and the experiments
were carried out in the follicular phase.

The volunteers were asked to abstain from alcohol for at least 24 hours
and from tobacco for at least 12 hours prior to each experiment. They
arrived on the Metabolic Ward at 8 am, having fasted from midnight, and
were asked to lie in bed in a quiet room. They had one or two cannulae
(Butterfly, Abbott) as required,

inserted into forearm veins for blood

sampling and drug infusions. Continuous infusions were given via Vickers
IP4 or Graseby MS16 syringe infusion pumps which were calibrated at
regular intervals. The cannulae were kept patent with bolus injections of
100 U/ml heparin in 0.9% saline. The studies were commenced one hour

after the insertion of the intravenous cannulae.

Heart rate was measured over a period of one minute and blood pressure
was measured wih a mercury sphygmomanometer (phases I and V ) . Blood
samples were taken into heparinised tubes and centrifuged at 4°C. The
plasma was frozen on dry ice and stored at -20°C for subsequent assay.
The total volume of blood taken from each subject did not exceed 500 mis
over the whole period of any study, which usually extended over at least
three w e eks.

On the last experimental day, a blood sample was taken for measurement of
haemoglobin to ensure that the subjects had not become anaemic.

The drugs were given in double blind, random order (Latin square design)
at intervals of seven days.

Experimental animals

Male Wistar rats weighing 200-250 g (Bantin & Kingman, Hull) were housed
four per cage in a room with controlled temperature (22°C) and light (on
6am to 6pm) and were given food and water ad libitum. The animals were
handled daily and were studied at least 7 days after arrival.

An external jugular vein was cannulated under halothane anaesthesia with
Portex polythene tubing filled with a solution of dextrose 18.8% and
heparin 125 U/ml of 0.9% saline. The cannula was exteriorised at the back
and the skin was closed with Michel stainless steel clips. The animals
always recovered rapidly and were placed in individual cages.

Studies

were commenced six hours following full recovery from the anaesthetic,
during which time they were given a total of one ml of the above solution
intravenously. The cannula was used for blood sampling (500 ul) and for

intravenous injections. Blood volumes were replaced with normal saline at
37°C. The blood samples were centrifuged at 4 ° C , the plasma frozen on dry
ice and stored at -20°C for subsequent assay.

Lateral cerebral ventricular cannulae: under halothane anaesthesia,

the

skin was cut and the scalp was reflected from the skull with a metal
spatula. A burr hole was made with a Minicraft MB 0120 drill, 1.5 mm
lateral and 1 mm caudal to the bregma. The left lateral ventricle was
cannulated with an L shaped stainless steel needle modified from a
Butterfly-27 cannula (internal diameter 0.3 mm, external diameter 0.4 mm,
internal volume 1 ul) connected to a short piece of sealed Portex tubing
(internal diameter 0.4 mm) that

had been filled with artificial CSF.

The

cannula was inserted to a depth

of 3 mm and was screwed to the skull with

a brass screw and secured with dental cement. Neomycin powder was sprayed
over the area and the skin was closed with Michel clips. The animals were
housed in individual cages and were given food and water ad libitum until
they were studied five to seven days later. On the day of the study,
following cannulation of the external jugular vein,

the head wound was

opened, the Portex tubing removed and replaced with another length of
tubing that was filled with CSF

or drug and exteriorised at the back.

Injection volumes were 10 ul at

a rate of 1ul/minute.

Artificial CSF consisted of sodium chloride 138.5 mmol/1, potassium
chloride 3.35 mmol/1, calcium chloride 1.26 mmol/1, magnesium chloride
1.16 mmol/1, sodium bicarbonate 21 mmol/1, sodium dihydrogen
orthophosphate 0.5 mmol/1 and glucose 3.4 mmol/1 of sterile water.

Following the end of the experiment, the animals were killed with an
intravenous injection of pentobarbital.

The position of the ventricular

cannula was checked with an injection of methylene blue 10 ul.

RADIOIMMUNOASSAY FOR ACTH FOLLOWING EXTRACTION FROM PLASMA
This assay was used in the early experiments described in this thesis and
is based on the procedure well established in our laboratories, described
by Rees et al (1971). Briefly, ACTH is extracted from plasma with glass
powder (Vycor) and eluted with acetone which is then evaporated. The
purpose of this step is to increase the specificity and the sensitivity
of the assay by adsorbing and concentrating the peptide.

Serial dilutions

are carried out to ensure parallelism as a check on specificity. The
radioimmunoassay is then carried out using radiolabelled ACTH and a
polyclonal antiserum directed against the steroidogenic part of the ACTH
molecule. The free and the bound label are separated with charcoal. The
assay detects peptides that contain the 1-24 amino acid sequence of ACTH,
such as ACTH itself and some of its larger precursors when present. There
is no cross reactivity with alpha- or beta-MSH, or the alpha 7-13, alpha
17-39 or alpha 1-16 amide fragments of ACTH (Rees et a l , 1971).

REAGENTS:
Assay buffer: 10 mis horse serum (Blood Products Laboratory)
40 mis 0.5M sodium phosphate buffer
360 mis sterile water
2 mis 2-mercaptoethanol
Dextran coated charcoal:
10 mis 0.5M sodium phosphate buffer
30 mis sterile water
750 mg Dextran T70. Mix until Dextran is completely disolved
60 mis horse serum (Wellcome, Beckenham)
3 g charcoal (BDH, Poole)
Mix gently for 15 minutes
Vycor (Corning) 50mg/ml water. Keep mixed in suspension.
ACTH antiserum raised in sheep against synthetic alpha 1-24 ACTH

(tetracosactrin) conjugated to Freund's complete adjuvant.
ACTH standard: Synthetic human alpha 1-39 ACTH (Bachem), 40 ng/ml in
0.05M sodium phosphate buffer containing 2.5 mg/ml HSA.
ACTH label: Synthetic human alpha 1-39 ACTH (Bachem)
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I iodinated

routinely by the method of Greenwood et al (1963).
Quality control: pooled human plasma.

PROCEDURE:
Day_l
1. ACTH standards were prepared in assay buffer (10 ng ACTH into 2 mis
buffer) and in horse serum (2ng ACTH into 5 mis horse serum).
2. Unknown samples were thawed in hot water.
3. Fibrin clots were removed by centrifugation at 900g for 10 minutes.
4. Measured volumes (1-5 mis) of plasma were transfered to conical
plastic tubes.
5. To each sample 1 ml of 50 mg/ml Vycor suspension was added.
6. The mixture was vortexed and put on a rotating turntable for 30
minutes.
7. Centrifugation for 10 minutes at 900g and the supernatant discarded.
8. 3 mis distilled water was added to each tube and vortexed.
9. Centrifugation for 10 minutes at 900g and the supernatant discarded.
10. 2 mis 1M HC1 was added to each tube and vortexed.
11.

Centrifugation for 10 minutes at 900g

and the supernatant discarded.

12.

ACTH was eluted from the glass pellet by adding 1 ml of 60% acetone.
The pellet was broken by vortexing and rotated for 30 minutes.

13.

Centrifugation for 10 minutes at 900g and transfer of supernatant to
round bottomed polystyrene tubes.

14. The tubes were placed in a sand bath at 60°C and evaporated to
dryness under oxygen free nitrogen.
15. 0.5 ml buffer was added to reconstitute the dried film, then vortex.

16. 0.4 mis was transferred to the first tube of a set of serial
dilutions. Ten serial doubling dilutions were carried out on the ACTH
standards in buffer, eight dilutions on the extracted ACTH standards
in horse serum, and four dilutions on
17.

50 ul ACTH antiserum

the unknowns.

was added to all

tubes except theNSBs and T C s .

The tubes were vortexed and left at 4°C overnight.

Day 2
1.

50 ul ACTH label was

added to each

2.

Vortexed and returnd

to 4 ° C .

tube including 'totals'.

Day 5
1. 50 ul Dextran-coated charcoal was added to each tube except TCs and
vortexed.
2. Centrifugation at 4 ° C , 2100g for 15 minutes.
3. Supernatant was discarded and the charcoal pellet was counted,
containing free labelled ACTH.

In 6 consecutive assays performed by me,

the mean recovery of extracted

ACTH was 84 + 2.9% (mean + SEM) and sensitivity was 11.5 + 2.1 n g/1. The
intra-assay coefficient of variation (CV) at 50 ng/1 was 9.2% and the
interassay CV was 17.5%.

UNEXTRACTED TWO SITE IMMUNORADIOMETRIC ASSAY (IRMA) FOR ACTH
This assay was used in the later experiments described in this thesis and
is based on the procedure described by White et al (1987) .

As describd above, most conventional radioimmunoassays for ACTH employ a
preliminary extraction procedure,

the purpose of which is to increase the

sensitivity and specificity of the assay. In order to overcome the
laborious nature of sample extraction,

two site immunoradiometric assays

(IRMA) for ACTH have been developed (Hodgkinson et a l , 1984; White et al
1987). These assays employ two antibodies that are directed at the
terminal ends of the target molecule,

instead of the single antibody that

is used in a conventional radioimmunoassay. One of the two antibodies is
labelled radioisotopically, instead of using a radiolabelled antigen as
in conventional radioimmunoassays. These modifications make IRMAs more
sensitive and specific than conventional radioimmunoassays, which
obviates the extraction procedure. The advantages of these assays are
that they are easier and quicker to perform than conventional
radioimmunoassays, because of the absence of procedures for extraction
and serial dilution of the samples. The other advantage of IRMAs is that
they are more specific than conventional radioimmunoassays;

if the two

antibodies are directed at the terminal ends of the ACTH molecule,

then

both ends must be present in the peptide for immunodetection to take
place, and smaller fragments will not be detected (Hodgkinson et a l ,
1984; White et al 1987). These assays probably detect only the intact
ACTH molecule and, when present,

its precursor POMC (Hodgkinson et a l ,

1984; White et al 1987).

In the assay employed in the experiments described in this thesis, two
mouse monoclonal IgG antibodies produced in ascitic fluid were supplied
by Dr A. White, Department of Clinical Biochemistry, University of
Salford, Manchester. Antibody 1A12 was purified from ascitic fluid by
filtration (0.45 urn filter, Millipore) and separated on an Agarose
Protein A column. This antibody was directed to the 10-18 amino acid
portion of the ACTH molecule. It was iodinated by the chloramine-T method
and unreacted antibody was separated on a Sephacryl-S300 column
(Pharmacia). Antibody 2A3 was purified from ascitic fluid on a CM Affigel
Blue column (Biorad Labs). It was directed to the C terminal 24-39 amino
acid region of the ACTH molecule. This antibody was coupled to solid

phase (Sephacryl S300). The assay recognises ACTH 1-39 and the ACTH
precursor peptides 34kDa, 31kDa and 22kDa.

ACTH fragments 18-39, 1-24

and alpha-MSH in concentrations up to 10,000 ng/1 do not interfere with
the binding of 100 or 1000 ng/1 ACTH 1-39 (White et a l , 1987).

This assay was used for measurement of ACTH concentrations in rat as well
as human plasma. Rat and human plasma dilute in parallel in this assay
and cross reactivity of the two peptides is 100% (White, unpublished
observations). Rat and human ACTH differ in two amino acid positions in
the middle part of the molecule (Gly 26 and Asp 29 in human ACTH are
substituted in rat ACTH for Val and Asn, respectively;

Inouye & Otsuka,

1987). The monoclonal antibodies are directed at the terminal ends of the
ACTH molecule, which is presumably why the two peptides behave in a
similar manner in the IRMA.

REAGENTS
Buffer: 0.1 M sodium phosphate with 0.5% BSA and 0.1% Triton X100.
125
Iodinated (
I) mouse monoclonal antibody (1A12, directed to the 10-18
amino acid portion) diluted with buffer containing 0.5% normal sheep
serum to give 100,000 cpm for 100 u l . This antibody was supplied by Dr
A. White, Manchester.
Solid phase mouse monoclonal antibody (2A3, directed to the C terminal
24-39 amino acid region) coupled to Sephacryl S300. Supplied by Dr A.
Whi t e .
ACTH standard: Synthetic human alpha 1-39 ACTH (Bachem), 40 ng/ml in
0.05M sodium phosphate buffer containing 2.5 mg/ml HSA.
Sucrose solution: 10% granulated sugar, 0.1% sodium azide, 1% Tween 20 in
distilled water.
Quality control: normal human plasma obtained at 9 am.

PROCEDURE:
DAY 1
1. The samples were thawed at room temperature.
2. Centrifugation at 900g to remove clot.
3. Transfer of 100 ul of standard/buffer blank/unknown to LP5 tubes.
4. 100 ul label was added to all tubes.
5. The tubes were vortexed and incubated overnight at 4°C.
DAY 2
1. The solid phase antibody was washed three times in assay buffer and
the concentration was adjusted to 10%.
2. 100 ul diluted solid phase antibody was added to each tube except TCs.
3. Agitation at room temperature for two hours.
4. 1 ml buffer was added and left for five minutes for solid phase to
settle.
5. 2 mis sucrose solution was added and left for 15 minutes.
6. Gentle aspiration was used to remove upper layers first, leaving 0.3
mis liquid in tube.
7. Steps 4-6 above were repeated.
8. Complex of ACTH and two antibodies was counted.

In 15 consecutive assays performed by me, the sensitivity (concentration
at 2.5 SD from 0) was 4.7 + 0.5 ng/1. The intra-assay coefficient of
variation in buffer was 6.4 + 0.4 % at 50 ng/1 and 4.7 + 0.3 % at 100
ng/1. The inter-assay coefficient of variation was 10 % at 100 ng/1.

RADIOIMMUNOASSAY FOR CORTISOL IN PLASMA
This assay was developed by Dr L. Perry, Department of Reproductive
Physiology, St Bartholomew's Hospital.

In brief,

the radioimmunoassay is

carried out with a polyclonal cortisol antiserum and cortisol

125

I label.

8 -anilino-1-naphthalene sulphonic acid (ANS) is used to displace cortisol

from cortisol binding globulin and hence obviate the need for extraction
of the steroid prior to assay.

REAGENTS
Assay buffer: 0.1 M sodium dihydrogen orthophosphate
0.1% sodium azide
0.1% Triton xlOO
pH adjusted to 7.5
Standards: cortisol (Sigma)
Label: cortisol-3-(O-carboxymethyl) oxime

125

I histamine (Amersham) with

ANS 12 mg/ml
First antibody: raised in sheep to cortisol-3-(O-carboxymethyl) oxime-KLH
(KLH = key-hole limpet haemocyanin)
Second antibody: donkey anti-sheep IgG (ILS)
5% polyethylene glycol (PEG; Sigma)
Quality control: human plasma pool

PROCEDURE
1. Samples were thawed at room temperature
2. 50 ul sample/standard, 100 ul label and 100 ul 1st antibody were added
in that order to LP3 tubes. Tubes were prepared for total counts,
non-specific binding and zero standards.
3. Vortex
4. Incubation at room temperature for 90 minutes
5. 1 ml PEG was added to each tube except total counts
6. Vortex
7. Centrifugation at 12°C, 2100g for 30 minutes
8. The supernatant was aspirated and discarded
9. The precipitate (bound label) was counted
10. The results were calculated using an Apple linear interpolation

programme

During the routine use of this assay, the lower limit of detection was 20
nmol/1, the intra-assay coefficient of variation (CV) was 6-8% and the
inter-assay CV was 8-10% at 200 nmol/1.

DEVELOPMENT OF AN HPLC-FLUORIMETRIC ASSAY FOR TRYPTOPHAN IN PLASMA
This assay was developed by me under the supervision of Dr David Perrett
in order to measure plasma tryptophan concentrations following the
ingestion of food and amino acids. Tryptophan concentrations have been
measured in the past by thin layer chromatography,

ion exchange

chromatography on columns of amino acid analysers, by gas chromatography,
ultraviolet spectrophotometry and by fluorimetry (Krstulovic et a l ,
1977). This assay utilises the natural fluorescent properties of
tryptophan.

Separation of the compound is achieved by high performance

liquid chromatography. Tryptophan is bound to serum albumin but treatment
with trichloroacetic acid dissociates this bond, making it suitable for
extraction of the amino acid from plasma prior to assay.

Briefly,

the experiments described below aimed at defining the optimum

fluorimetric detection characteristics of tryptophan by measuring the
excitation and emission wave lengths in buffer. The optimum HPLC
conditions were then determined by examining the effects of variations of
buffer composition and pH on the detection sensitivity of the assay.
Finally, the extraction method of tryptophan from plasma was optimised by
examining the effects of different concentrations of trichloroacteic acid
on the recovery of tryptophan from plasma.

EQUIPMENT:

(Figure 5)

HPLC pump (ACS, model 351)
Fluorimetric detector (Kratos 970 with deuterium lamp)
Manual injector (Rheodyne)
HPLC column, 4.6 x 100 mm, 5um ODS Hypersil
Pen recorder (Shandon Runcorn)
MATERIALS:
L-tryptophan, HPLC grade (Sigma)
Sodium dihydrogen phosphate dihydrate (BDH)
Methanol, HPLC grade (BDH)

Figure 5 Equipment used for tryptophan assay
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EXPERIMENTS:
1. The excitation wave length of tryptophan.
The object of this experiment was to determine the optimum excitation
wave length for the purposes of this assay. This was done by examining
the effects of increasing excitation wave lengths on the detection
sensitivity of tryptophan, as measured by the peak height in the pen
recorder.

Reagents:

tryptophan standard, ImM
mobile phase 50% methanol in 0.1M phosphate buffer

Method: The mobile phase was degassed by passing through a grade 3 filter
Pump flow rate 1 ml/min
Emission wave length was set at 389 nm
20 ul tryptophan standard (20uM) was injected manually
In repeated injections,

the excitation wave length was increased

in steps of lOnm, from 190 to 400nm
Results: Tryptophan exhibits two peaks,

at excitation wave lengths 220

and 270 nm (Figure 6), The higher peak at 220 nm was
attributable to the deuterium lamp, which has a greater
intensity at this wave length. The 220nm wave length was chosen
for further work.

Figure 6
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2. Emission wave length of tryptophan.
The purpose of this experiment was to determine the optimum emission wave
length of L-tryptophan for the purposes of this assay. This was done by
examining the effects of filter wave length on the detection sensitivity
of tryptophan, as measured by the peak height on the pen recorder. HPLC
settings were as above and emission wave length was 220 nm.

Filter cut off (nm)
360
370
389
418

Peak height (mm)
284
378
312
132

Conclusion: peak emission wave length is approximately 370nm, which was
chosen for further work.

3. The effect of mobile phase methanol concentration on the capacitance
factor (K *)
The object of this experiment was to find a mobile phase (buffer)
composition that allows adequate separation of tryptophan on the
chromatogram. The rapidity with which an analyte leaves the
chromatography column is partly dependent on its solubility in the mobile
phase that perfuses the column. As tryptophan is a relatively hydrophobic
substance, the effects on the tryptophan retention time of varying
concentrations of methanol in the mobile phase were examined.

A successful HPLC assay requires a clear separation of the analyte from
the solvent front and from any other compounds that may interfere in the
detection system. The total time required for injection, elution and
detection should be minimised in order to enable the assay of large
numbers of samples.

Retention time is defined as the time lag between injection of the

analyte solution and the appearance of the analyte in the detection
system.

Dead volume is defined as the time lag between injection of the

analyte solution and the appearance of the solvent in the detection
system. The capacitance factor (K') is an index of the separation of the
analyte from the solvent that takes account of the time required for the
procedure.
K' = retention time - dead volume
dead volume

P eak h eig h t

A

R e te n tio n
tim e
D ead v o lu m e

Results:

(Figure 7, following page).

b u f f e r :methanol 1/% methanol dead volume (min) retention time (min)
K'
50:50
0.02
0.9
1.1
0.22
60:40
0.025
0.8
1.3
0.63
70:30
0.033
0.8
1.55
0.94
80:20
0.05
0.8
2.1
1.63

Conclusion:

adequate separation of tryptophan is achieved with a mobile

phase consisting of buffer:methanol ratio of 80:20.

Figure 7

The effect of mobile phase composition on the capacitance factor and
retention time.
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4. The effect of mobile phase pH on detection sensitivity and the

capacitance factor (K')
The object of this experiment was to determine a mobile phase pH that
allows maximum detection sensitivity (peak height) without exerting a
deleterious effect on the separation of tryptophan on the chromatogram
mobile phase pH
2
3
4
5
6

Peak height (mm)
34
88
121
124
116

K'
4.63
2.0
1.75
1.63
1.75

Conclusion: good sensitivity is achieved at mobile phase pH 4-5. K'
increases as mobile phase pH falls because tryptophan is a weak acid;
acidic pH, tryptophan is non polar and will leave the chromatography
column more slowly. Mobile phase pH 4 was chosen for further work.

5. Extraction of tryptophan from plasma.
The object of this experiment was to determine the concentration of
trichloroacetic acid (TCA) that provides maximum recovery of tryptophan
from plasma.

METHODS: TCA solutions (w/v) 20%, 10%, 5%, 2% and 1% were prepared
L-tryptophan was added to plasma to a concentration of 100 uM/1
L-tryptophan standard (100 uM/1) was prepared in water
While agitating, TCA was added to plasma/standard in the
following ratios:

1:0.5, 1:1, 1:2, 1:5, 1:10 and 1:20.

Centrifugation at 900g
The clear supernatant was injected into HPLC system

RESULTS:
A. Plasma: peak height (mm)
20%
10%
5%
2%
1%
*
*
*
1:0.5 | 63
78
A*
| 44
48
56
1:1
k
k
volume ratio
1:2
30
37
1 25
k
sample:TCA
1:5
18
13
15
1
9
14
1:10
8
9
7
1
6
1: 20
8
|
5
6
7
7
Unsuitable for analysis due to incomplete precip itati
B. L-tryptophan standard: peak height (mm)
20%
10%
5%
2%
1:0.5 | 102
120 123 130
|
68
74
83
91
1:1
volume ratio
1:2
|
48
50
58
64
sample:TCA
1:5
23
30
27
1
26
1:10
14
14
16
1
I2
1:20
8
8
9
1
8

1%
129
89
64
29
15
9

C. Recovery (ratio of peak height plasm a/standard
20%
10%
5%
2%
1%
1:0.5 | 62
65
65
1:1
67
1 65
volume ratio
1:2
64
60
1 52
sample:TCA
1:5
60
56
57
1 35
93
1:10
50
56
57
1 50
1:20
| 63
75
88
78
89

TCA concentration mg%

TCA concentration mg%

Conclusion: good recovery is achieved using TCA concentration of 5
g/lOOml and plasma sample:TCA ratio of 1:20.

The retention time for tryptophan extracted from plasma by the above
procedure was 3 minutes and was reproducible over a period of 12 months.
Tryptophan was well separated from other substances on the chromatograms.
Using the specified excitation and emission wave lengths, only tryptophan
was detected (Figure 8, following page).

It was found unnecessary to

remove the extra acid.

Graphs of concentration vs peak height and peak area were linear (Figure
9, following page). The peak heights were reproducible (coefficient of
variation 0.008%, n =10). The coefficient of variation of ten individually
extracted plasma samples was 3.1% at 90 u M / 1 .

The lower limit of detection of the assay was less than 1 u M / 1 ;
determination of the exact lower limit of detection was unnecesary as
plasma tryptophan concentrations are known to range from 50 to 100 u M / 1 .

Plasma tryptophan concentrations from ten normal subjects ranged from 63
to 173 uM/1 (mean 105.2 uM/1).

Conclusion
Tryptophan is a naturally fluorescent amino acid. HPLC followed by
fluorimetric detection provides a simple,

sensitive and reliable method

for the measurement of tryptophan in plasma.

Figure 8 (left1
) L-Tryptophan chromatogram. Tryptophan was extracted from
human plasma with 5 % TCA. Following centrifugation, the supernatant was
injected into the HPLC system and detected fluorimetrically (excitation
and emission wave lengths 220 and 370 nm, respectively).
Figure 9 (right) Standard curve for L-tryptophan. Tryptophan was disolved
in water and the extraction procedure described in the text was carried
out as for plasma samples. The supernatant was injected into the HPLC
system and tryptophan was detected by fluorimetry as described.
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MEASUREMENT OF PLASMA AMINO ACID CONCENTRATIONS

Plasma amino acid concentrations (except tryptophan) were measured by
high performance liquid chromatography (HPLC) followed by fluorimetric
detection in an autoanalyser. The amino acids were eluted with a citrate
gradient.

Post-column derivatisation was achieved with o-phthalaldehyde

and 3 -mercaptopropinic acid. In this reaction,

a fluorescent group is

attached to the nitrogen atom of the amino acid (Figure 10, following
p a ge).

APPARATUS
Waters WISP 710B automatic injector
Waters M600 HPLC pump
Waters M45 HPLC pump
Waters post-column reaction system (OPA was delivered at 0.3 mls/min).
Waters model 420 fluorescence detector
Waters Data Module System Controller
Sulphonated polystyrene cation exchange HPLC column (7 urn, 15 x 0.46 cm)
held at 60^*C using a temperature-controlled column heater.

REAGENTS
For protein extraction: 0.1M sodium citrate and 3% (w/v) salicyl
sulphonic acid, pH adjusted to 1.8
Mobile phase: A. 0.1M trisodium citrate, pH 2.85
B.

0.45M trisodium citrate, pH 5.5

Fluorescent reagent: boric acid 31 g and potassium hydroxide 27 g
in 1 litre of water, pH 10.7
add 100 ml methanol containing 0.7g o-phthalaldehyde
and 1 ml 3 -mercaptopropinic acid
Standards: L-amino acids, 40 uM/1
Norleucine ImM/l, a synthetic amino acid, was used as internal standard-

Figure 10
Derivatisation reaction for the fluorimetric detection of amino acids.

o-phthalaldehyde

CHO

amino acid

3-mercaptopropinic
acid

+ N H 2 - CH - R + SH - (C H 2) 2 - OH

i

CHO

COOH

S - (C H 2) 9 - OH
N-CH-R

i

+ 2H 20

COOH

Figure 11
Amino acid chromatograms from a normal subject before (upper panel) and
after (lower panel) the oral ingestion of L-tyrosine.
Abbreviations: SSA: salicyl sulphonic acid THR: threonine SER: serine
GLUT: glutamate GTM: glutamine G L Y : glycine ALA: alanine VAL: valine
Meth: methionine ILEU: isoleucine LEU: leucine N L E U : nor-leucine TYR:
tyrosine P H E : phenylalanine O R N : ornithine L Y S : lysine HIS: histidine
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ASSAY PROCEDURE
1. plasma samples were thawed at room temperature
2. Centrifugation at 900g to remove fibrin clot
3. Extraction procedure: 100 ul norleucine solution was added to 500 ul
sample/standard
lml salicyl sulphonic acid solution was added
while agitating
after 10 minutes, centrifugation at 900g
the supernatant was transfered to LP3 tubes
4. HPLC:

injection volume 20 u l , pump settings: pressure 850 psi, flow

rate 0.4 ml/min. The column was eluted with a complex gradient, running
from 0% to 100% mobile phase B over 105 minutes.

Figure 11 shows representative amino acid chromatograms from a subject
before and after the ingestion of tyrosine.

MEASUREMENT OF PLASMA TYROSINE CONCENTRATIONS BY H P L C -FLUQRIMETRY

A simple modification of the method of amino acid analysis described
above was made,

in order to allow the measurement of tyrosine

concentrations in large numbers of plasma samples. Unlike tryptophan,
tyrosine is not a strongly fluorescent amino acid, so the derivatisation
reaction described in the previous section was used for the fluorimetric
detection of this amino acid.

Tyrosine was extracted from plasma using 3% salicyl sulphonic acid, pH
1.8. Norleucine was used as an internal standard. The apparatus for HPLC
was the same as described for the measurement of the amino acids. Pump
settings were: pressure 2000 psi, flow rate 0.4 ml/min. The mobile phase
was 0.2M trisodium citrate. Post-column derivatisation was achieved with
o-phthalaldehyde and 3 -mercaptopropinic acid.

Tyrosine and norleucine were well separated from each other and all other
amino acids on the chromatograms (Figure 12, following page). The
retention times for tyrosine and norleucine extracted from plasma by the
above procedure were 20 and 14 minutes,

respectively,

and were

reproducible over a period of 12 months.

Graphs of concentration vs peak height and peak area were linear from 30
to 1000 uM/1 (Figure 13, following page).

The intra-assay coefficient of variation was 4.5%.

L e g e n d for F i g u r e 12 (left)
C h r o m a t o g r a m of L-ty rosi ne and norleucine.
N o r l e u c i n e 100 n M w as a d d e d to 500 ul h u m a n p la s m a . P l a s m a p r o t e i n s w e r e
p r e c i p i t a t e d w i t h 3 % s a l i c y l s u l p h o n i c a c i d a n d the s u p e r n a t a n t was
i n j e c t e d int o the H P L C system. D e t e c t i o n m e t h o d w a s b y p o s t - c o l u m n
d e r i v a t i s a t i o n a n d f l u o r i me t r y , as d e s c r i b e d in the text. C h r o m a t o g r a m
origin

is n o t

shown.

*

L e g e n d for F i g u r e 13 (right)
S t a n d a r d c u r v e for L - t y r o s i n e .
L - t y r o s i n e w a s d i s o l v e d in wa ter . The e x t r a c t i o n p r o c e d u r e d e s c r i b e d in
the t e x t w a s c a r r i e d o u t as for p l a s m a s a m p l e s a n d the s u p e r n a t a n t was
a n a l y s e d as

described.
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MEASUREMENT OF PLASMA CATECHOLAMINE CONCENTRATIONS BY HPLC FOLLOWED BY
ELECTROCHEMICAL DETECTION
This assay was described by Bouloux et al (1985) and is used routinely in
the department. Briefly, catecholamines are extracted from plasma by
adsorption onto alumina followed by desorption into phosphoric acid.
Separation of the catecholamines is achieved by HPLC. The catechol ring
is susceptible to oxidation and this property is used for detection of
the compounds.

EQUIPMENT
Automatic injector (Gilson 231)
HPLC pump (LKB 2150). Pump flow rate 1.2 ml/min.
Chromatography column (ODS Hypersil 3 urn, 100 x 4.6 mm)
Electrochemical detector (Walters M 460). Oxidation potential 0.5-0.8 Volt
Hewlett-Packard HP3390A electronic integrator

REAGENTS
WA4 alumina (Sigma)
Tris buffer:

12% Tris (hydroxymethyl) methylamine with 3% EDTA

Internal standard:

3,4-dihydroxybenzylamine (DHBA)

0.5 M phosphoric acid
Mobile phase: potassium dihydrogen orthophosphate 40 mM/1
trisodium citrate 40 mM/1
EDTA 4 mM/1
1-Octanesulphonic acid 0.5 mM/1
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PROCEDURE
1. The samples were thawed and centrifuged at 900g to remove fibrin clot
2. The following were added to LP3 tubes in the following order:
10 mg alumina powder
2 ml plasma
50 ul of DHBA internal standard
300 ul of Tris buffer
3. The mixture was agitated at room temperature for 15 minutes
4. Alumina was allowed to settle
5. Plasma was removed by aspiration
6. The alumina was washed with deionised water three times
7. 85 ul of 0.5 M phosphoric acid was added to desorb catecholamines from
alumina
8. Centrifugation at 900g for three minutes
9. 75ul of supernatant was placed in sample tube of automatic injector

The retention times of noradrenaline,

adrenaline, DHBA and dopamine were

4, 5, 8 and 14 minutes respectively. The recovery of all three
catecholamines was 60-70%. The sensitivity of the assay (signal:noise
ratio 3:1) was 0.4 nmol/1. The intra-assay coefficient of variation was
8% at concentrations of 1 nmol/1.

ASSESSMENT OF VISUAL ANALOGUE SCALES OF BEHAVIOURAL AROUSAL

Central catecholamine systems are believed to be partly responsible for
the state of behavioural arousal. Thus,

in man, drowsiness is observed

following pharmacological manouvres that cause a reduction of central
noradrenergic transmission, such as inhibition of catecholamine synthesis
with alpha methyl-p-tyrosine, depletion of noradrenaline stores with
reserpine,

inhibition of noradrenaline release with clonidine or post

synaptic antagonism with alpha or beta adrenergic blockers.

In the rat,

the noradrenergic neurones that are responsible for maintaining the state
of behavioural arousal are believed to be located in the locus coeruleus
(De Sarro et a l , 1987). There is evidence that in man, the state of
arousal may have an influence on the secretion of ACTH (Wadeson et a l ,
1963). In addition,

the stimulant effect of amphetamines on cortisol

secretion is accompanied by a generalised state of arousal that
correlates with the height of the cortisol peak (Besser et a l , 1969;
Cohen et a l , 1981).

It was therefore felt important to determine the

effects of the pharmacological manipulations employed in this thesis on
the state of arousal and its relation to the secretion of ACTH.

The state of behavioural arousal was assessed by a series of 100 mm
linear visual analogue scales (VAS; Figure 14, page 88). Many
investigators have used VAS to quantify the behavioural effects of
anxiolytics,

sedatives and stimulants.

It was felt important to determine

whether these VAS are sensitive enough to detect small changes that may
be caused by the drugs employed in this thesis.

Assessment of the sensitivity of visual analogue scales to physiological
changes in behavioural arousal
Ten normal females were asked to complete the VAS at 11 am and at 11 pm.
The subjects were not informed of the purpose of the experiment. They
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were asked to rate their feelings with a vertical mark along the line,
taking the ends of each line as the extremes of each variable.
Statistical assessment was by analysis of variance following arc sine
transformation (Armitage,

1974).

RESULTS: There were statistically significant increases in three
variables from 11 pm to 11 am ('awake',

'energetic' and 'strong'; Table 1

and Figure 15). There were stastically significant correlations between
the scales for 'awake' and 'energetic'
'energetic'

(t = 0.836),

(t = 0.748) and 'awake' and 'strong'

'strong' and

(t = 0.628).

TABLE 1
Variable

11 pm

11 am

Awake

34.1 + 6.5

79.8 + 4.6

Energetic

40.6 + 4.4

72.8 + 4.0

Strong

52 .4 + 2.7

68. 9 + 4.9

Troubled

37.9 + 5.8

44.1 + 7 .9

Quick witted

52.5 + 4.2

61.5 + 6.0

Interested

53 .0 + 4.9

64.4 + 5.8

Comfortable

73.3 + 4.0

61.1 + 4.0

* P < 0.001, analysis of variance following arc sine transformation.

CONCLUSION: Using the VAS,

it is possible to detect changes in

behavioural arousal, of the order expected in physiological
circumstances.

Figure 14 The visual analogue scales for behavioural arousal used in
experiments described in this thesis (not to scale).

AGE

NAME

SEX

DRUGS

T IM E

DATE

1.

Please rate th e w a y yo u feel in term s o f th e dim ensions given b e lo w

2.

Regard th e line as representing th e fu ll range o f each d im en sio n

3.

R ate y o u r feelings as th e y are at the m o m e n t

4.

M a rk c le arly and p e rp e n d ic u la rly across each line

I have never fe lt
m ore aw ake

I have never fe lt
m ore sleepy

I have never fe lt
m ore energetic

I have never fe lt
m ore lethargic

I have never fe lt
stronger

I have never fe lt
w ea ker

I have never fe lt
m ore tro u b le d

I have never fe lt
m ore tra n q u il

I have never fe lt
m ore m e n ta lly slow

I have never fe lt
so q u ic k w itte d

I have never fe lt
m ore interested

I have never fe lt
m ore bored

I have never fe lt
m ore c o m fo rta b le

I have never fe lt
m ore u n c o m fo rta b le

Figure 15 Changes in behavioural arousal (assessed by linear
visual analogue scales) in ten women, administered at 11pm and 11am.
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STATISTICAL ANALYSIS

The results are expressed as the mean + standard error of the mean (SEM).
Normal ranges are expressed as the mean + two standard deviations (SD).
Statistical examination was by analysis of variance of changes in the
area under the curve, using a Minitab programme on a DEC computer. The
covariate was taken as the value immediately preceding the administration
of a drug. When two values were available in the control period,
of these was taken as the covariate. In addition,

the mean

individual time points

were compared by Student's t test. The visual analogue data were arc sine
transformed and differences between the various drug treatments were
assessed by analysis of variance (Armitage, 1974).

RESULTS

PART I

THE EFFECTS OF ACTIVATION OF ALPHA-1 ADRENOCEPTORS ON
THE SECRETION OF ACTH

1. The effects of methoxamine on the secretion of ACTH in man:
dose-response study
The purpose of this experiment was to examine the effects of activation
of central and peripheral alpha-1 adrenoceptors on the secretion of ACTH
in man. Methoxamine was chosen as the agonist for the following reasons:
1. it is highly selective in its agonist action at alpha-1 adrenoceptors
(Drew, 1976 & 1977; Starke et a l , 1975);
2. methoxamine crosses the blood brain barrier (Pickworth et a l , 1977);
3. it has no behavioural stimulant effects when injected in moderate
doses cerebroventricularly in rats (Drew et a l , 1979). This represents an
advantage over other drugs such as the amphetamines.

Support for the choice of this drug was provided by the previous findings
of Nakai et al (1973) that an intravenous infusion of methoxamine (25 mg)
stimulated the secretion of ACTH and cortisol, and that the effect was
antagonised by phentolamine, which is an antagonist at alpha-1, alpha-2,
serotonergic and histaminergic receptors.

Knowledge of the dose-response relationships of methoxamine was
considered important for the design of further studies of the mechanisms
of action of this drug.

METHOD
Four normal subjects (including two females in the follicular phase of
the menstrual cycle) were given, on four separate occasions,

intravenous

infusions of normal saline and methoxamine 3.5, 5 and 7 ug/kg/min in 10
mis normal saline as continuous infusions for 90 minutes. Heart rate and
blood pressure were measured at 15 minute intervals and blood samples
were taken at -15, 0, 60, 90, 100, 105 and 120 minutes following the
start of the infusions. Measurement of plasma ACTH concentrations was by
the extracted assay.

RESULTS
Methoxamine increased plasma ACTH, cortisol and systolic blood pressure
in a dose dependent manner in the range 3.5-7 ug/kg/min (Figure 16, Page
92) and reduced the heart rate. All subjects had piloerection and the
males, but not the females, had a sensation of urethral tightness. No
other effects were observed.

CONCLUSION
In the above doses, methoxamine activates peripheral alpha-1
adrenoceptors and stimulates ACTH secretion.
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Figure 16
The effects of different doses of methoxamine and saline on plasma ACTH,
cortisol and blood pressure in four normal subjects. The results are
expressed as mean + SEM changes in these variables before (0 minutes) and
at the end of the infusions (90 minutes).
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2. The effects

of thymoxamine on the responses to methoxamine

The purpose of

this experiment was to examine the hypothesis that the

effects of methoxamine were mediated by alpha-1 adrenoceptors. This was
done by administering the drug in combination with the alpha-1
adrenoceptor antagonist thymoxamine. Thymoxamine was chosen for the
following reasons:
1. Thymoxamine

is more selective in its action at alpha-1 adrenoceptors

than phentolamine

and phenoxybenzamine; it has no significant activity at

alpha-2 or beta adrenoceptors or serotonergic receptors (Birmingham &
Szolcsanyi,

1965; Drew, 1976 & 1977). Thymoxamine has weak antihistaminic

activity on the guinea pig ileum in vitro (Birmingham & Szolcsanyi,
1965) .
2.

Thymoxamine crosses the blood brain barrier following peripheral

administration (Wada et a l , 1982).
3. This drug is available as an intravenous preparation, unlike the other
commonly used selective alpha-1 antagonist, prazosin.

METHOD
Nine normal subjects (including four females in the follicular phase of
the menstrual cycle) were given, double blind,

intravenous infusions of:

1. methoxamine 20 mg disolved in 10 mis normal saline,

infused at a rate

of 3.5 ug/kg/min over 90 minutes.
2. methoxamine as above accompanied by thymoxamine 0.2 mg/kg loading dose
followed by 2.2 ug/kg/min.
3. normal saline (placebo)

Heart rate and blood pressure were measured at the indicated times and
blood samples were taken at -15, 0, 60, 90, 100, 105 and 120 minutes
following the start of the infusions. Plasma ACTH concentrations were
measured by the extracted assay.

RESULTS
Basal hormone concentrations are shown in Table 2. Figure 17 (page 96)
shows that compared to the saline infusion, methoxamine was accompanied
by a rise in mean plasma ACTH (P < 0.02) and cortisol (P < 0.001)
concentrations. There was an accompanying rise of systolic blood pressure
by a mean of 16.8 + 3% at 90 minutes and a concommitant bradycardia
(Figure 17). All subjects had piloerection and the males had a sensation
of urethral tightness. None of the women experienced any urethral
symptoms. There was no evident mood change. The cortisol response in the
males was similar to that in the females (plasma cortisol increment in
the five males was 273 + 19 nmol/1 and in the four females 230 + 52
nmol/1).

The concommitant infusion of thymoxamine abolished the stimulant effects
of methoxamine on plasma cortisol and blood pressure (Figure 17). The
sensations of piloerection and urethral tightness were also abolished by
thymoxamine.

TABLE 2
Mean + SEM basal concentrations of plasma ACTH and cortisol before
infusions of normal saline, methoxamine and methoxamine with thymoxamine
in nine normal subjects.
Drug

ACTH (ng/1)

Cortisol (nmol/1)

saline

34 + 7

272 + 26

methoxamine

21 + 4

265 + 32

methoxamine with

not done

245 + 38

thymoxamine

CONCLUSIONS

Activation of alpha-1 adrenoceptors stimulates the secretion of ACTH In
man. This conclusion is compatible with that of investigators who have
used amphetamines (Rees et a l , 1970) and methoxamine (Nakai et a l , 1973).

Methoxamine has beta adrenoceptor antagonist activity when given in large
doses in exprimental animals (Karim, 1965). However,

this is not the

mechanism by which methoxamine stimulates the hypothalamo-pituitary
adrenal axis, as the stimulant effect of methoxamine on cortisol
secretion was abolished by thymoxamine, which lacks activity at beta
adrenoceptors (Birmingham 6c Szolcsanyi,

1965).

There was no evidence of

beta adrenoceptor blocking activity of methoxamine in the doses used in
this study, as no reduction of heart rate or blood pressure were observed
during the combined infusion of methoxamine and thymoxamine in comparison
to saline (Figure 17).

The elevation of blood pressure and sensations of piloerection and
urethral tightness are consistent with the alpha-1 adrenoceptor agonist
activity of methoxamine at these peripheral sites. The increase in plasma
cortisol concentrations could not be related to the sensation of urethral
tightness as this was not experienced by the females, whose cortisol
response to methoxamine was not different from the m a l e s .

Figure 17
The effects of infusions of saline and methoxamine (3.5 ug/kg/min) with
and without thymoxamine (0.2 mg/kg bolus + 2.2 ug/kg/min) on plasma ACTH
and cortisol, heart rate (HR) and blood pressure (BP) in nine normal
subjects. The data are expressed as the means + SEM. Plasma ACTH
concentrations were measured by the extracted assay.
Open circles: saline; closed circles: methoxamine; triangles: methoxamine
with thymoxamine.
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3. The effects of chlorpheniramine on the responses to methoxamine

In the previous experiment,

the effects of methoxamine were abolished by

the alpha-1 antagonist thymoxamine. However,

thymoxamine has weak

antihistaminic activity on the guinea pig ileum in vitro (Birmingham &
Szolcsanyi,

1965). The purpose of this study was to investigate the

possibility that the stimulant effect of methoxamine on the hypothalamopituitary adrenal axis was mediated by

histaminic receptors rather

than alpha-1 adrenoceptors. This was done by examining the effects on the
responses to methoxamine of the

antihistamine chlorpheniramine, which

crosses the blood brain barrier following peripheral administration (Kamm
et al, 1969).

METHOD:

Five males and one female received the following treatments:

1. Chlorpheniramine 3 mg in 5 ml normal saline as a bolus injection
followed by methoxamine 20 mg disolved in 10 mis normal saline,
infused at a rate of 3.5 ug/kg/min over 90 minutes.
2. chlorpheniramine bolus followed by normal saline infusion
3. normal saline bolus followed by methoxamine infusion
4. normal saline bolus followed by infusion

Chlorpheniramine was given only as a bolus as this drug is known to have
a long half life in plasma and brain following intravenous administration
(Kamm et a l , 1969; Peets et a l , 1972).

Heart rate, blood pressure and blood samples were obtained at 15 minute
intervals for 135 minutes,

starting 15 minutes before the infusions.

RESULTS:
Figure 18 (page 99) shows that chlorpheniramine had no effect on the
cortisol response to methoxamine. The peak plasma cortisol concentrations

following both methoxamine and methoxamine and chlorpheniramine were
significantly different from saline (P < 0.01 for both, Student's t
test). All subjects fell asleep following the chlorpheniramine infusions.

Mean heart rate was slower and mean plasma cortisol concentrations were
lower following the chlorpheniramine infusions compared to saline and the
differences persisted until the end of the study (mean heart rate at 120
minutes:

saline 63.7 + 1.7, chlorpheniramine 57.7 + 3, P < 0.05,

Student's t test; mean plasma cortisol concentrations at 120 minutes:
saline 244 + 20 nmol/1, chlorpheniramine 170 + 19 nmol/1,

P < 0.05,

Student's t test). Chlorpheniramine had no effect on the cardiovascular
responses to methoxamine.

CONCLUSIONS
The dose of chlorpheniramine caused prolonged blockade of
as indicated by the sedative effect (Douglas,

receptors,

1985). The reductions of

heart rate and plasma cortisol following chlorpheniramine were presumably
related to the sedative effect of this drug.

The effects of methoxamine on the hypothalamo-pituitary adrenal axis are
not mediated by

histamine receptors,

as the cortisol response to

methoxamine was unaffected by this dose of chlorpheniramine.

Although the subjects fell asleep after chlorpheniramine,

this did not

modify the rise in circulating cortisol following methoxamine,

suggesting

that it is not dependent on the state of wakefulness or arousal.

Figure 18

The effects of intravenous saline, chlorpheniramine 3 mg bolus,
methoxamine (3.5 ug/kg/min for 90 minutes) with and without
chlorpheniramine on plasma cortisol concentrations in six normal
subjects. The data are expressed as the means + SEM.
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4. The effect of prazosin on the ACTH response to methoxamine in man.

The purpose of this experiment was to examine the effect of the highly
selective alpha-1 adrenoceptor antagonist, prazosin, on the ACTH response
to methoxamine. Prazosin has no activity at histaminic receptors
(Greengrass 6c Bremner, 1979). Prazosin has to be given orally in view of
its poor solubility and the absence of an intravenous preparation.

In

preliminary experiments, prazosin 3 mg orally was found to provide
adequate blockade of alpha-1 adrenoceptors.

METHOD
Six normal male subjects were studied on four occasions each,
blind,

in double

random order, receiving:

1. calcium carbonate (placebo) followed 60 minutes later by normal saline
(placebo);
2. placebo followed by methoxamine 20 mg intravenously infused over 90
minutes (0.22 mg/min)
3. prazosin 3 mg orally followed by normal saline;
4. prazosin followed by methoxamine.

The subjects were kept supine throughout the study period and heart rate
and blood pressure were measured at 15 minute intervals. Blood samples
and visual analogue scales for behavioural arousal were obtained at the
indicated times. Plasma ACTH concentrations were measured by the
unextracted IRMA.

RESULTS
Methoxamine increased plasma ACTH and cortisol concentrations in
comparison to placebo (Figure 19 6c Table 3). Prazosin reduced plasma ACTH
concentrations in comparison to placebo and antagonised the hormonal
responses to methoxamine.

Methoxamine had no effect on the visual analogue scales for behavioural
arousal in comparison to placebo (Figure 20). Following the
administration of prazosin,

the subjects felt drowsy and this was

confirmed by the visual analogue scales but the differences did not reach
statistical significance in comparison to placebo (data not shown).
Methoxamine increased systolic blood pressure and reduced the heart rate
in comparison to placebo (Figure 21 and Table 3). Prazosin reduced
systolic blood pressure and increased the heart rate in comparison to
placebo, and antagonised the effects of methoxamine on these two
variables.

Neither drug or their combination had any significant effect

on the diastolic blood pressure.
CONCLUSIONS
The stimulant effect of methoxamine on ACTH secretion is mediated by
alpha-1 adrenoceptors. This effect is not mediated by an increase in
behavioural arousal.

TABLE 3
The effects of saline, methoxamine, prazosin and their combination on
plasma ACTH and cortisol concentrations, heart rate and blood pressure
(BP), expressed as changes in the area under the curve.

Plasma ACTH
n g .min/1
cortisol
nmol.min/1
Heart rate
Systolic BP
m m H g .min
Diastolic BP
m m H g .min

Placebo
79+222

-7375+1593

Methoxamine
3689+761

Prazosin
-1480+970

Methox + Praz
96+423

15244+3000

-1860+1254

-2185+1436

-268+175

-1207+201

382+149

-410+141

78+171

1784+276

-997+178

-520+328

-143+208

93+431

-325+520

-667+373

ANALYSIS OF VARIANCE OF CHANGES IN THE AREA UNDER THE CURVE
Methox vs Placebo Praz vs Placebo Methox + Praz vs Methox
Plasma ACTH
P<0.01
P<0.05
P<0.01
Plasma cortisol
PCO.001
NS
PCO.001
Heart rate
P<0.01
P<0.05
P<0.01
Systolic BP
PCO.001
P<0.02
P<0.001
Diastolic BP
NS
NS
NS

f ig ur e

The effects of methoxamine and prazosin,

alone and in combination, on the

secretion of ACTH and cortisol (mean + SEM) in six males. Methoxamine was
given as an intravenous infusion (0.22 mg/minute for 90 minutes) and
prazosin 3 mg orally was given 60 minutes before the start of the
infus i o n .
Open circles: placebo;
prazosin;

closed circles: methoxamine; open triangles:

closed triangles: prazosin + methoxamine.
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Figure 20

f. .

The effects of methoxamine and saline on behavioural arousal,

assessed by

linear visual analogue scales in six males. Methoxamine was given as an
intravenous infusion (0.22 mg/minute for 90 minutes).
Open circles: placebo; closed circles: methoxamine.
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Figure 21

The effects of methoxamine and prazosin, alone and in combination,

on

heart rate and blood pressure (mean + SEM) in six males. Methoxamine was
given as an intravenous infusion (0.22 mg/minute for 90 minutes) and
prazosin 3 mg orally was given 60 minutes before the start of the
infusion.
Open circles:
prazosin;

placebo;

closed circles:

closed triangles:

methoxamine;

open triangles:

p razosin + methoxamine.
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5. The effects of methoxamine and prazosin on ACTH secretion in the rat.

The purpose of this experiment was to examine the effects of activation
of alpha-1 adrenoceptors on the secretion of ACTH in the rat,

in order to

determine whether this animal can be used as a model for further studies
on the mechanism of action of alpha-1 adrenoceptors in stimulating ACTH
secretion.

Previous studies of the effects of central injections of catecholamines
on the secretion of ACTH in experimental animals yielded apparently
contradictory data. Thus, central injections of noradrenaline inhibited
the hypothalamo- pituitary adrenal axis in the anaesthetised dog
undergoing surgical stress (Van Loon et al, 1971a; Ganong et a l , 1976),
but stimulated it in the rat and in the cat under basal conditions
(Endroczi et a l , 1963; Krieger 6c Krieger,

1970; Abe 6c Hiroshige,

Kawa et a l , 1978; Szafarczyk et a l , 1987; Plotsky,

1974;

1987). The previously

used agonists (adrenaline, noradrenaline and clonidine) are non-selective
in their action at adrenergic receptors.

In this experiment, activation

of alpha-1 adrenoceptors was carried out by using selective
pharmacological probes.

METHOD
The experiments were carried out on male Wistar

rats bearing cannulae in

the external jugular vein and in the left lateral cerebral ventricle,

as

described in the Methods Section. The animals were housed in individual
cages and blood samples and drug injections were carried out without
handling the animals. The following drugs were given into the ventricular
cannulae to groups of six animals:
1. artificial CSF 10 ul at a rate of 1 ul/minute;
2. methoxamine 0.1 mg (390 nM) disolved in CSF;
3. methoxamine 0.1 mg and prazosin 420 ng (1 nM)

in CSF.

Blood samples were taken before and 15, 30 and 60 minutes after the end
of the drug infusion for measurement of plasma ACTH concentrations with
the unextracted IRMA. At the end of the experiment,

the animals were

decapitated and the position of the ventricular cannula was checked with
an injection of blue dye.

RESULTS
Methoxamine caused a significant increase in the secretion of ACTH in
comparison to placebo (CSF) and the effect was antagonised by prazosin
(Table 4 and Figure 22, page 107).

CONCLUSIONS
By using a highly selective agonist and antagonist,

this experiment has

demonstrated that in the rat, as in man, activation of alpha-1
adrenoceptors stimulates the secretion of ACTH.

The apparently

contradictory data from the results of previous studies on experimental
animals may have been due in part to the non selective nature of the
adrenergic agonists that were used.

TABLE 4
The effects of methoxamine, with and without prazosin, and placebo
(artificial CSF) on the secretion of ACTH in groups of six male rats. The
data are expressed as the mean + SEM increment in plasma ACTH at 15
minutes following the end of the infusion (left column) and as changes in
the area under the curve. Statistical comparisons were done following log
transformation by analysis of variance of changes in the area under the
curve, and by Student's t test for the increment in plasma ACTH.

Drug
CSF
Methoxamine
Methoxamine
+ prazosin

Change in plasma ACTH
(IV ...--. P '.,. ng/1)
18.2 + 23.8
197.5 + 35.2 *
75.4 + 9.3 $

Change in ACTH area under
the curve (ng.min/1)____
270 + 919
6656 + 1366 £
3247 + 476

Symbols: * P < 0.01 vs CSF $ P < 0.05 vs methoxamine £ P < 0.001 vs CSF

Figure 22

_

>

The effects of intracerebroventricular injections of methoxamine, with
and without prazosin, and placebo (artificial CSF) on the secretion of
ACTH (mean + SEM) in groups of six male rats.
Open circles:

CSF; closed circles: methoxamine;

triangles: methoxamine

prazosin.
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PART II

THE MECHANISMS OF ACTION OF METHOXAMINE IN STIMULATING ACTH SECRETION

1. Comparison of the effects of methoxamine and noradrenaline.
The purpose of this experiment was to investigate the site of action of
methoxamine in stimulating the hypothalamo-pituitary adrenal axis. For
this purpose,

the following hypothesis was formulated:

HYPOTHESIS
If the site of action of methoxamine were directly on the pituitary or
via a peripheral reflex,

then the effects of methoxamine on the

hypothalamo-pituitary adrenal axis should be reproduced by equipotent
doses of noradrenaline, which is an alpha-1 agonist that reaches the
pituitary gland and the median eminence following an intravenous
injection, but does not cross the blood brain barrier (Weil-Malherbe et
a l , 1961; Whitby et a l , 1961; Samorajski & Marks,

1962).

Noradrenaline was given in doses that produced equivalent peripheral
alpha-1 adrenoceptor effects to methoxamine, as judged by elevation of
systolic blood pressure.

METHODS
Six male subjects were given intravenous infusions on four occasions at
weekly intervals: methoxamine 20 mg over 90 minutes,
noradrenaline twice.

saline once and

The object of the noradrenaline infusions was to

elevate systolic blood pressure by 10% above the mean control value on
one occasion and by 25% on the other, spanning the range of blood
pressure response to methoxamine. Blood pressure was measured at one
minute intervals and the infusions were commenced after a 10 minute

control period.

Noradrenaline was given via a continuous infusion pump

in incremental doses of 1, 2, 3, 5, 8, 10 and 12 ug/min.

Each dose was

administered for 5 minutes and when the target blood pressure was
reached,

the infusion was continued at the same rate for 15 minutes.

Blood samples were taken for assay of cortisol at the beginning and end
of the

control period, at the end of the infusion and at 5, 10, 15 and 30

minutes thereafter.

Figure 23 (page 111) shows the results from one

subject to illustrate the method.

RESULTS
Figure

24 shows that mean elevations of systolic blood pressure of 11.3

1% and

24 + 2% during administration of noradrenaline were not

+

accompanied by a rise in plasma cortisol above the mean control value,
while methoxamine infusions causing an elevation of systolic blood
pressure of 17 + 4% were accompanied by a significant increment in plasma
cortisol (P < 0.001 compared to saline). Plasma cortisol concentrations
were lower following the infusion of both doses of noradrenaline than
following saline, and the differences were statistically significant for
the higher noradrenaline infusion (P < 0.05, analysis of variance of
changes in the area under the curve).

CONCLUSIONS
When peripheral alpha-1 adrenoceptors are activated to the same extent by
equipotent doses of methoxamine and noradrenaline, different effects on
cortisol secretion are observed. The differences between methoxamine and
noradrenaline may be attributable to the fact that the former crosses the
blood-brain barrier whereas the latter does not. As the stimulant effect
of methoxamine on the hypothalamo-pituitary adrenal axis is not
reproduced by noradrenaline,

the effect of methoxamine is not exerted

directly at the pituitary or median eminence, and is not the result of a

peripheral reflex. The effect of methoxamine appears to be exerted within
the blood brain barrier.

In contrast to the stimulant effect of methoxamine on ACTH secretion,

the

higher dose of noradrenaline infusion significantly inhibited cortisol
secretion in comparison to saline.

The mechanism of this effect is

unclear, but may be due to the known inhibitory effect of noradrenaline
on vasopressin secretion (Shimamoto 6c Miyahara, 1976), which may act as
or augment the action of corticotrophin releasing factor.

It is also

possible that elevation of blood pressure per se may inhibit ACTH
secretion (Gann et a l , 1978).

The effects of saline and two infusions of noradrenaline on systolic
blood pressure and plasma cortisol concentrations in a normal subject
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2. The effects of beta adrenoceptor agonists on the secretion of ACTH
In addition to its inability to penetrate the blood brain barrier,
noradrenaline differs from methoxamine in its beta and alpha-2
adrenoceptor agonist activity. The purpose of this experiment was to
investigate whether the beta adrenoceptor agonist activity of
noradrenaline could account for the differences from methoxamine. This
was done by examining the effects on cortisol secretion of prenalterol
and salbutamol, which are relatively selective agonists at beta-1 and
beta-2 adrenoceptors,

respectively.

In rats, peripheral administration of beta adrenoceptor agonists
stimulates the secretion of the pro-opiomelanocortin (POMC) derived
peptides

(Berkenbosch et a l , 1981 & 1983; Knepel et a l , 1980 & 1982;

Tilders et a l , 1982). However,

the mechanism of this effect is unclear;

administration of beta agonists in the rat causes hypotension which is a
potent stimulus to ACTH secretion (Knepel et a l , 1982; Tilders et a l ,
1982).

In addition,

the rat neurointermediate lobe possesses beta

adrenoceptors (Cote et a l , 1980) and responds to beta adrenergic agonists
with an increase in the secretion of POMC derived peptides (Cote et a l ,
1980; Gillies & Lowry, 1978; Jackson 6c Lowry, 1983; Tilders et a l , 1981;
Vale et al, 1983). The neurointermediate lobe is a vestigial organ in
adult man (Rasmussen,

1928; Wingstrand,

1966).

METHOD
Six normal subjects (2 female) received 5 minute infusions of normal
saline 5mls, prenalterol 2mg in 5mls saline and salbutamol 250ug in 5mls
saline in double blind, random order at weekly intervals.

Pulse and

blood pressure and blood samples were obtained at intervals for 90
m inutes.

rage

.ljlh-

RESULTS
Neither drug stimulated the secretion of cortisol, although both produced
a tachycardia, elevation of systolic blood pressure and depression of
diastolic blood pressure (Figure 25). Significant cardiovascular effects
of both drugs were observed for 60 minutes following the start of the
infusion (heart rate at 60 minutes:
2.6, prenalterol:

65+2.7,

saline: 59 + 2.4, salbutamol:

68 +

P < 0.05 vs saline for both, Student's

t-test).

CONCLUSIONS
Neither beta adrenoceptor agonist stimulated the secretion of cortisol,
even though they were given in doses that clearly exerted cardiovascular
effects for at least one hour following the infusion.

It is therefore

concluded that in man, activation of peripheral beta adrenoceptors does
not stimulate the hypothalamo-pituitary adrenal axis.

The beta adrenoceptor agonist action of noradrenaline does not account
for the differences from methoxamine on the hypothalamo-pituitary adrenal
axis .

Figure 25

The effects of beta adrenergic agonists on mean (+SEM) plasma cortisol,
heart rate and blood pressure (BP) in six subjects given 2 mg prenalterol
(beta 1), 250 ug salbutamol (beta 2) and normal saline intravenously over
5 minutes.

Standard error bars that are smaller than the symbol are not

shown.
Open circles: prenalterol,

triangles: salbutamol,

closed circles: saline.
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3. Investigation of the alpha-2 agonist activity of noradrenaline
In addition to its hydrophilic properties, noradrenaline differs from
methoxamine by its beta and alpha-2 adrenoceptor agonist action. This
experiment was designed to test the possibility that the observed
differences between methoxamine and noradrenaline might be due to the
alpha-2 agonist action of noradrenaline.

HYPOTHESIS
The stimulant alpha-1 adrenoceptors are located in the periphery, but the
reason that noradrenaline did not stimulate cortisol secretion is that
the peripheral alpha-1 stimulant effect was cancelled by an inhibitory
peripheral alpha-2 effect.

If the above hypothesis were correct,

then it would be expected that

pretreatment with an alpha-2 adrenoceptor antagonist (such as yohimbine)
would unmask a stimulant effect of noradrenaline on cortisol secretion.

METHOD
Five normal male subjects were given:
1. saline
2. intravenous infusions of noradrenaline to elevate systolic blood
pressure by 10% as described before
3. Yohimbine 10 mg orally followed 2 hours later by a noradrenaline
infusion to elevate systolic blood pressure by 10%
4. yohimbine 10 mg orally followed 2 hours later by an intravenous
infusion of saline.
Blood pressure and blood samples were taken as in the noradrenaline study
above (Page 108).

RESULTS
Mean plasma noradrenaline concentrations increased by 63% following the
dose of yohimbine (basal 0.80 + 0.11 nmol/1,

2 hours after 1.30 + 0.26

nmol/1, P < 0.05, Student's t test).

The prior administration of yohimbine had no effect on plasma cortisol
concentrations following an intravenous infusion of noradrenaline (Figure
26). Systolic blood pressure was increased by 11 + 0.9% above mean
control during the noradrenaline infusions and by 13 + 1.0% during the
yohimbine and noradrenaline infusions.

The mean noradrenaline infusion

rates required to elevate systolic blood pressure by these amounts were 3
ug/min for the former and 7 ug/min for the latter.

CONCLUSION
The alpha-2 agonist activity of noradrenaline does not account for the
differences from methoxamine,

as pretreatment with the alpha-2 antagonist

yohimbine in an effective dose (judged by significant elevation of
endogenous plasma noradrenaline) had no effect on plasma cortisol
concentrations following noradrenaline infusion.

Legend for Figure 26

>

Effects of normal saline, yohimbine 10 mg, noradrenaline,

and yohimbine and

noradrenaline on mean + SEM plasma cortisol concentrations in five subjects.
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4. The effects of methoxamine on the secretion of ACTH in hypopituitarism
This experiment aimed to further test the hypothesis that the site of the
stimulant alpha-1 adrenoceptors is in the brain rather than directly on
the pituitary. This was done by examining the effects of methoxamine on
ACTH secretion in patients with damaged hypothalami and preserved
pituitary responses to intravenous injections of synthetic ovine CRF-41.

HYPOTHESIS
If the site of the alpha-1 adrenoceptors in stimulating ACTH secretion
were to be on the hypothalamus or its central connections,

then these

patients would be expected to have no ACTH response to the alpha-1
agonist methoxamine.

Conversely,

located on the pituitary,

if the alpha-1 adrenoceptors were

then these patients should respond to

methoxamine by an increase in ACTH secretion.

METHODS
The experiment was carried out on four newly diagnosed male hypopituitary
patients

(Table 5, page 121) with no history of hypertension or vascular

disease. ACTH deficiency was diagnosed if plasma cortisol concentration
at 9 am was less than 170 nmol/1 or, when performed, cortisol peak
following hypoglycaemia was less than 550 nmol/1. None of the patients
had received glucocorticoid replacement.

Each patient was studied on two occasions in double blind,

random order,

receiving intravenous infusions of synthetic ovine CRF-41,

100 ug and

methoxamine 20 mg in 90 minutes. Heart rate and blood pressure were
measured at 15 minute intervals and blood samples were collected at the
indicated times.

For comparison,

the ACTH and cortisol responses to synthetic ovine CRF-41

Page

120

(100 ug iv) and methoxamine (20 mg in 90 minutes iv) were measured in six
normal male volunteers aged 22 to 38 years.

Plasma ACTH concentrations were measured by the extracted assay.
Synthetic ovine CRF-41 was a gift from Professor David Coy.

RESULTS
All the hypopituitary patients responded to the synthetic ovine CRF-41
with a rise in plasma ACTH and cortisol concentrations (Figures 27 & 28,
Page 122). One patient had an exaggerated ACTH response to CRF-41. The
cortisol responses to CRF-41 were lower than in the normal subjects.

Methoxamine stimulated the secretion of ACTH and cortisol in the normal
subjects. There were no increments in plasma ACTH or cortisol
concentrations following methoxamine in any of the hypopituitary patients
studied.

Methoxamine increased systolic blood pressure in the hypopituitary
patients from 125 + 9.9 mm Hg at 0 minutes to 137 + 2.4 mm Hg at 90
minutes.

Synthetic ovine CRF-41 had no effect on blood pressure.

CONCLUSIONS
In patients with damaged hypothalami but with preserved corticotroph
responses to CRF-41, methoxamine had no stimulant effect on the secretion
of ACTH.

This was consistent with the view that the site of the

stimulant alpha-1 adrenoceptors is in the brain rather than directly on
the pituitary gland.

The cortisol responses to CRF-41 were lower in the hypopituitary patients
than in the normal subjects, presumably indicating a degree of adrenal

atrophy. This can be expected to cause an exaggeration of the ACTH
response to any stimulus to ACTH secretion that acts at the level of the
pituitary,

due to the smaller glucocorticoid negative feedback effect, as

was observed in one of the patients.

In spite of that, no stimulation of

ACTH secretion was seen following methoxamine in any of the patients.

TABLE 5: Clinical details of four male hypopituitary patients
Cause of
hypopituitarism
Radiotherapy for
prolactinoma with
suprasellar extension
& visual field defect

Plasma cortisol (nmol/1)
9 am
ITT peak
170
< 50

Other hormone
deficiency
T S H , LH, FSH

1

Age
43

2

55

Prolactinoma with
suprasellar extension
& visual field defect

60

TSH, LH, FSH

3

36

Craniopharyngioma

70

TSH, LH, FSH

4

49

Idiopathic fibrosis

70

268

*ITT (insulin tolerence test) was done in only two patients,
blood sugar fell to less than 2.2 mmol/1.

LH, FSH

in whom

Figure 27 The effects of synthetic ovine* CRF-41 (100 ug bolus at 0
minutes) and methoxamine (20 mg intravenously from 0 to 90 minutes) on
plasma ACTH concentrations in four hypopituitary patients (upper panels)
and in six normal subjects (lower panels). The data from the normal
subjects are expressed as the means + SEM and those from the patients are
plotted individually.
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Figure.28 The effects of synthetic ovine CRF-41 (100 ug bolus at 0
minutes) and methoxamine (20 mg intravenously from 0 to 90 minutes) on
plasma cortisol concentrations in four hypopituitary patients (upper
panels) and in six normal subjects (lower panels). The data from the
normal subjects are expressed as the means + SEM and those from the
patients are plotted individually.
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5. Comparison of the effects of central and peripheral injections of
methoxamine on ACTH secretion in the rat

The purpose of this experiment was to further test the hypothesis that
the alpha-1 adrenoceptors that stimulate the secretion of ACTH following
intravenous injection of methoxamine are situated in the central nervous
system rather than in the periphery. This was done by comparing the
potency of the alpha-1 agonist methoxamine in stimulating ACTH secretion
following intravenous and cerebroventricular administration in the rat.

METHODS
The experiments were carried out on groups of four male Wistar rats
bearing cannulae in the external jugular vein and in the left lateral
cerebral ventricle,

as described in Methods. Intracerebroventricular

(icv) injections were CSF 10 ul and methoxamine 0.1, 0.2 and 0.3 mg (390,
780 & 1170 nM) disolved in CSF, administered at a rate of 1 ul/minute.
Intravenous infusions were normal saline 0.5 ml and methoxamine in the
same doses as above, disolved in saline. Blood sampling and drug
injections were carried out without handling the animals.

Blood samples

of 0.5 ml were taken before and 15, 30 and 60 minutes after the end of
the drug infusion for measurement of plasma ACTH concentrations with the
unextracted IRMA. Each blood sample was replaced with normal saline at
37°C. At the end of the experiment,

the animals were decapitated and the

position of the icv cannula was checked.

RESULTS
Methoxamine stimulated the secretion of ACTH in a dose dependent manner
following either route of administration (Figure 29). However,

the drug

elicited greater responses when injected centrally than peripherally.

Following the intravenous administration of methoxamine,

signs of

peripheral alpha adrenoceptor activation were observed,

including

piloerection and widening of the palpebral fissures. These were not seen
when the drug was injected icv. No signs of behavioural arousal were
observed following the central administration of methoxamine.

CONCLUSIONS
Higher brain concentrations of methoxamine can be expected to be achieved
following administration of the drug centrally than intravenously,

and

this presumably accounts for the greater potency of the central route of
administration.

If the alpha-1 adrenoceptors that stimulate the secretion

of ACTH were located in the periphery,

a smaller ACTH response to

centrally administered methoxamine would be expected,

as lower peripheral

drug concentrations would be achieved than by the intravenous route. The
more potent action of methoxamine when injected centrally in the rat is
compatible with the interpretation of the data from the human
experiments,

in which it was concluded that the stimulant alpha-1

adrenoceptors are located in the brain, presumably modulating the
secretion of the hypothalamic corticotrophin releasing factor complex.

The absence of behavioural stimulation following methoxamine in this
experiment is consistent with previous observations using similar doses
of methoxamine injected into the lateral cerebral ventricle in the rat
(Drew et a l , 1979;

Segal 6c Geyer, 1976). When the drug is given in doses

at least 1000 times larger than the highest dose used in this experiment,
it causes an increase in locomotor activity (Segal 6c Geyer,

1976).

Figure 29

The relationship of methoxamine dose to plasma ACTH response,

expressed

as the mean + SEM change in plasma ACTH concentrations (15 minutes baseline)

in groups of four male rats. The injections were administered

in the left lateral cerebral ventricle (open circles) or intravenously
(closed circles).
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6. Investigation of the hypothalamic peptides that mediate the effects of
alpha-1 adrenoceptors on the secretion of ACTH in the rat.
The secretion of

ACTH is stimulated by at least two hypothalamic

peptides,

(Vale et a l , 1981) and vasopressin (McCann & Brobeck,

CRF-41

1954), which may act individually or synergistically in stimulating ACTH
secretion (Yates

et a l , 1971;Gillies et al, 1982).

In addition,

there is

evidence for the

existence of other substances with corticotrophin

releasing activity in the hypothalamus (see Introduction, page 20).

Catecholaminergic neurones terminate in the vicinity of both CRF-41 and
vasopressin neurones (Mezey et a l , 1984a; Sladek & Zimmerman,

1982) and

alpha-1 adrenoceptors have been identified autoradiographically in the
regions of the paraventricular nucleus that immunostain for both these
peptides (Cummings & Seybold,

1988). Activation of alpha-1 adrenoceptors

stimulates the secretion of both CRF-41 (Plotsky,
(Bhargava et a l , 1972; Hiwatari & Johnston,
Willoughby et a l , 1987). However,

1987) and vasopressin

1985; Brooks et a l , 1986;

it is unclear which,

if either, of

these peptides is the major mediator of the ACTH response to alpha-1
adrenergic activation.

The purpose of this experiment was to examine the relative roles of
CRF-41 and vasopressin in mediating the effects of alpha-1 adrenoceptors,
by comparing the effects of equipotent doses of selective CRF-41 and
vasopressin antagonists on the ACTH response to methoxamine.

In the first

part of this study, experiments were carried out to find approximately
equipotent doses of CRF-41, vasopressin and methoxamine.

In the second

part, doses of the antagonists were determined that could block the
effects of CRF-41 and vasopressin, respectively.

Finally,

the effects of

these equipotent antagonist doses on the ACTH response to methoxamine
were examined.

METHODS
The experiments were carried out on groups of six male rats with cannulae
in the external jugular vein and the left lateral cerebral ventricle,
enabling remote drug injection and blood sampling, as described in
Met h o d s . Methoxamine was disolved in artificial CSF and infused centrally
at a rate of 1 ul/min over 10 minutes. The peptides were disolved in
normal saline containing globulin free bovine serum albumin 1 mg/ml and
ascorbate 1 mg/ml and infused intravenously in a volume of 0.5 ml over 10
minutes. The position of the ventricular cannulae was checked after the
end of the experiments.

RESULTS
Indistinguishable ACTH responses were obtained to intravenous infusions
of CRF-41 3 ug/kg (0.64 nmol/kg) and vasopressin 0.4 ug/kg (0.37 nmol/kg)
and to cerebroventricular infusions of methoxamine 0.4 mg/kg
(1.5 umol/kg)

(Figure 30).

Pretreatment with the CRF-41 antagonist alpha helical CRF 9-41 100 ug and
the vasopressin antagonsit dPTyrMeAVP 50 ug intravenously antagonised the
stimulant effects of the above doses of CRF-41 and vasopressin,
respectively (Figure 31).

The stimulant effect of centrally infused methoxamine 0.4 mg/kg was not
reduced by pretreatment with the CRF-41 antagonist in the above dose
(Figure 32).

ACTH concentrations were slightly higher following the

combination of methoxamine and alpha helical CRF 9-41 in comparison to
methoxamine, but the difference was not statistically significant.
Pretreatment with the equipotent dose of the vasopressin antagonist
reduced the ACTH response to methoxamine (P < 0.05). When the animals
were pretreated with the combination of CRF-41 and vasopressin

antagonists in the above doses, there was a further reduction in the ACTH
response to methoxamine (P < 0.01 vs methoxamine;

P < 0.02 vs methoxamine

+ vasopressin antagonist). The combination of both antagonists reduced
the ACTH response to methoxamine by 63%.

CONCLUSIONS
The ACTH response to methoxamine was reduced by a vasopressin antagonist
but not by an equipotent dose of a CRF-41 antagonist. This suggests that
vasopressin is more important than CRF-41 in mediating the ACTH response
to activation of alpha-1 adrenoceptors. However, CRF-41 appears to play
an enhancing role in this response, as the combination of both
antagonists caused a further, statistically significant decrease in the
ACTH response to methoxamine. A hypothetical model for the interaction of
alpha-1 adrenoceptors, CRF-41 and vasopressin is presented in the
Discussion,

Pages 195-199.

CRF-41 and vasopressin account for the major part of the ACTH-releasing
activity of alpha-1 adrenoceptors, as the combination of CRF-41 and
vasopressin antagonists reduced the ACTH response by approximately two
thirds.

Figure 30

The effects of intracerebroventricular (icv) infusions of methoxamine 0.4
mg/kg (1.5 umol/kg) and intravenous (iv) infusions of CRF-41 3 ug/kg
(0.64 nmol/kg) and vasopressin 0.4 ug/kg (0.37 nmol/kg) on plasma ACTH
concentrations in groups of six male Wistar rats. The data are expressed
as the means + SEM.
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Figure 31

The effects of pretreatment with the CRF-41 antagonist alpha helical CRF
9-41 100 ug and the vasopressin antagonist dPTyrMeAVP 50 ug intravenously
on the ACTH responses to their respective agonists. The data are
expressed as the means + SEM of changes in plasma ACTH concentrations (15
minutes - baseline).
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Legend for Figure 32
The effects of methoxamine, with and without peptide antagonists, on ACTH
secretion, expressed as mean + SEM changes in the area under the curve in
groups of six male rats.
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PART THREE

THE EFFECTS OF CIRCULATING CATECHOLAMINES ON THE SECRETION OF ACTH IN MAN

1. The effect of adrenaline on basal and corticotrophin releasing factor
stimulated ACTH secretion in man.
Following many stressful stimuli, ACTH secretion is accompanied by an
increase of adrenaline release by the chromaffin cells of the adrenal
medulla. Adrenaline was reported to enhance the stimulant effect of
synthetic ovine corticotrophin releasing factor-41 (CRF-41) on ACTH
secretion by cultured rat adenohypophysial cells in vitro (Giguere 6c
Labrie,

1983; Vale et al, 1983). This experiment investigated the effects

of increases in plasma concentrations of adrenaline within the
physiological range on the activity of CRF-41 in man.

METHODS
Six normal male volunteers aged 23-36 years were given,
random order,

in single blind,

the following intravenous infusions:

1. adrenaline (3 ug/min) continuously from -30 to 120 minutes and
physiological saline bolus at 0 min
2.

adrenaline as above and synthetic ovine CRF-41

3.

adrenaline as above and CRF-41 (50ug) at 0 min

(25 ug) at 0 min

4. saline infusion continuously from -30 to 120 min and saline bolus at 0
min
5.

saline infusion and CRF-41 (25 ug)

at 0 min

6.

saline infusion and CRF-41 (50 ug)

at 0 min.

The studies were carried out under electrocardiographic monitoring in a
quiet room. Heart rate, blood pressure and blood samples were taken at
the indicated intervals. Plasma ACTH concentrations were measured by the
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extracted assay and blood glucose was measured by an automated glucose
oxidase technique (Technicon AA2 Glucose/GLU-CINET) employed routinely in
the Department of Chemical

Pathology.

Adrenaline was disolved in

normal saline to a concentration of 6 mg/1

and

ascorbic acid 1 mg/ml was added to all the adrenaline and saline
solutions to minimise oxidation. The adrenaline and saline solutions were
infused at a rate of 30 ml/hour. CRF-41 was disolved in saline containing
0.02% H C 1 . The final CRF-41 concentration was 100 ug/ml.

RESULTS
During the adrenaline infusion (Figure 33, Page 135), plasma adrenaline
concentrations rose from 0.35 + 0.08 nmol/1 at -30 min to 4.33 + 0.82
nmol/1 at 120 min. The adrenaline infusion was accompanied by an increase
in heart rate (from 5 8 + 4

beats/min at -30 min to 71 + 3 beats/min at

120 min, P < 0.001) and systolic blood pressure (from 118 + 4 mmHg at -30
min to 126 + 3 mmHg at 120 min, P<0.01) and a fall in diastolic blood
pressure (from 7 3 + 4

mmHg

The infusion of adrenaline

at -30 min to 55 + 7 mmHg at 120 min, P<0.05).
was also accompanied by a rise of blood

glucose (from 3.9 + 0.08 mmol/1 at -30 min to 5.6 + 0.15 mmol/1 at 120
min, P < 0.001).

There was no stimulation of ACTH or cortisol secretion

during the adrenaline infusion compared with that during saline (Figure
34).

During the adrenaline infusion, plasma concentrations of ACTH were

significantly lower than during the saline infusion (P < 0.01 by analysis
of variance; P < 0.05 at 15 min, Student's t test).

The CRF-41 injection was given at 0 min, at which time plasma adrenaline
was 2.28 + 0.22 nmol/1 during the adrenaline infusion (P < 0.001 vs -30
m i n ) , and had already resulted in significant increases in heart rate (P
< 0.001),

systolic blood pressure (P < 0.02) and blood glucose (P < 0.01)
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and reduction in diastolic blood pressure (P < 0.05)
However,
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(Figure 33).

the ACTH and cortisol peaks following both doses of CRF-41

during the adrenaline infusion were not significantly different from
those during the saline infusion (Figure 35). Following injection of 25
ug CRF-41, ACTH and cortisol concentrations were significantly lower
during the adrenaline than during the saline infusions (P < 0.01 for both
by analysis of variance) at 15 min for ACTH (P < 0.05) and at 15 and 45
minutes for cortisol (P < 0.02 for both; Figure 34). The area under the
ACTH curve following injection of CRF-41 (25 ug) was significantly
smaller during the adrenaline infusion than during the saline infusion (P
< 0.05) but the differences in the area under the cortisol curve were not
statistically significant.

There were no statistically significant

differences in the ACTH or cortisol responses to CRF-41 (50 ug) during
the infusion of adrenaline or saline in any of the statistical tests used
(Figure 36).

Figure 35 shows that the peak of plasma ACTH following injection of 50 ug
CRF-41 was greater than that following 25 ug CRF-41 during both the
saline and adrenaline infusions.

Neither dose of CRF-41 had any effect on basal or adrenaline -induced
changes in heart rate or blood pressure. Mean glucose concentrations at
120 min during the infusion of adrenaline and CRF-41 (50 ug) were
significantly higher than at the equivalent time during the infusion of
adrenaline alone (6.2 + 0.2 vs 5.6 + 0.2, P<0.01), presumably as a result
of the accompanying hypercortisolaemia.

Neither dose of CRF-41 had any

effect on blood glucose concentrations at any other time.

All subjects reported an awareness of heart beat and muscle tremor during
the adrenaline infusions.

No arrhythmias were observed.

rage

±0 +

CONCLUSIONS
The adrenaline infusion had no stimulant effect on ACTH or cortisol
secretion basally or following the injection of CRF-41, even though the
response to the 25 ug dose of CRF-41 was submaximal and therefore capable
of further enhancement.

The plasma adrenaline concentrations achieved

during the adrenaline infusions were at the upper limit of the range that
has been observed in man (see Table 10, Page 205) and were accompanied by
the expected metabolic and cardiovascular changes.

It is therefore

concluded that in man, circulating adrenaline has no physiological role
in stimulating ACTH secretion either basally or in the presence of
CRF-41. This conclusion is compatible with the findings, reported in this
thesis, that peripheral alpha and beta adrenergic stimulation with
noradrenaline, prenalterol and salbutamol was not associated with
activation of the pituitary adrenal axis. Adrenaline and noradrenaline
released from the adrenal medulla are therefore unlikely to be important
in stimulating the ACTH response to stress in man.

The adrenaline infusion caused a small inhibition of ACTH and cortisol
secretion basally and in response to the submaximal dose of CRF-41. This
is compatible with the finding, reported in this thesis,

that intravenous

noradrenaline infusions inhibited cortisol secretion (Results, Page 108).

Figure

33

Effects of saline (open circles) and adrenaline (closed circles)
infusions (3 ug/min) from -30 to 120 minutes on mean (+ SEM) plasma
adrenaline, heart rate, blood pressure (BP) and blood glucose in six
normal subjects.

The z e r o 'time point is equivalent to when the CRF

injections were given.
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Figure 34

Effects of saline and adrenaline infusions (hatched bar) on basal and
CRF-41 stimulated mean (+ SEM) plasma ACTH and cortisol concentrations
Saline or CRF-41 (25 ug) were given at time 0 (arrow) to six normal
subjects.

Open circles:

saline and CRF-41, closed circles: adrenaline

ug/min and CRF-41, open triangles:

saline and saline, closed triangles

saline and adrenaline.
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Figure 35

Dose-response relationship of plasma ACTH to bolus doses of ovine CRF-41
during infusions of saline (open circles) and adrenaline (closed circles)
in six normal subjects.

Mean values + SEM are shown.
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Figure 36

Effects of saline and adrenaline infusions (hatched bar) on CRF-41
stimulated (mean + SEM) plasma ACTH and cortisol concentrations.

Saline

or CRF-41 (50 ug) were given at time 0 (arrow) to six normal subjects.
Open circles:

saline and CRF-41, closed circles: adrenaline 3 ug/min and

CRF-41.
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2. Effects of dopamine on basal and CRF-stimulated ACTH se cr eti on in man.

Free, unconjugated dopamine is found in very low concentrations in
peripheral venous plasma under basal conditions in man (mean + 2 SD =
0.32.+ 0.29 nmol/1 by the assay employed in this thesis; Bouloux et a l ,
1985) . Plasma free dopamine concentrations are unaffected by moderate
physiological stimuli that increase plasma adrenaline and noradrenaline
concentrations in man, such as exercise, upright posture,

cold exposure

and sodium restriction (Robertson et al, 1979). However, plasma dopamine
concentrations may be increased by more severe stressful stimuli (Van
Loon,

1983; Snider & Kuchel,

1983). The source of this secretion is

likely to be the sympathetic nerves and the adrenal medulla.

In the rat,

dopamine is secreted into hypophysial portal plasma and is important in
the suppression of prolactin secretion from the pituitary.

Concentrations

range from approximately 6 nmol/1 in the anaesthetized male rat to
approximately 130 nmol/1 during pregnancy (Ben-Jonathan et a l , 1977).
There is no adequate information on dopamine concentrations in human
portal plasma, but it is likely that the amine is present in significant
quantities, as the administration of dopaminergic antagonists increases
the secretion of prolactin in man, as in the rat.

Dopamine has been reported to attenuate the action of synthetic ovine
CRF-41 on cultured rat adenohypophysial cells in vitro (Murakami et a l ,
1984), so this experiment investigated the effects of this amine on the
hormonal responses to CRF-41 in man in vivo.

METHODS
Six normal male volunteers were given,
1.

in double blind, random order:

Normal saline continuous infusion from -30 to 120 minutes and normal
saline bolus at 0 minutes.

2.

Normal saline infusion as above and synthetic ovine CRF-41 (25 ug)

bolus at 0 minutes.
3.

Dopamine 2 ug/kg/min from -30 to 120 minutes and saline bolus at 0
minu t e s .

4.

Dopamine infusion as above and CRF-41 at 0 minutes.

Dopamine was disolved in normal saline to a final concentration of 1
mg/ml and ascorbic acid 1 mg/ml was added to all dopamine and saline
continuous infusions to minimise oxidation.

CRF-41 was disolved in

acidified saline to a final concentration of 100 u g/ml.

Heart rate, blood pressure and blood samples were taken at the indicated
intervals.

Plasma ACTH concentrations were measured by the extracted

assay.

RESULTS
During the dopamine infusion, plasma dopamine concentrations rose from
0.2 + 0.1 nmol/1 at -30 minutes to 74.1 + 14.9 nmol/1 at 0 minutes and
plasma noradrenaline concentrations rose from 1.12 + 0.28 nmol/1 at -30
minutes to a peak of 2.77 + 0.98 nmol/1 at 30 minutes but there were no
changes in adrenaline concentrations (Figure 37, Page 142).

Mean plasma concentrations of ACTH and cortisol prior to commencement of
the saline and dopamine infusions were not significantly different
(saline, ACTH: 19.3 + 2.6 n g / 1 , cortisol:
ACTH:

22.2 + 4.7 ng/1, cortisol:

254 + 49 nmol/1;

315 + 43 nmol/1).

dopamine,

During the dopamine

infusion, plasma ACTH concentrations were slightly but significantly
lower than during the saline infusion (P < 0.001 by analysis of variance
of changes in the area under the curve, Figure 38). The ACTH and cortisol
concentrations after CRF-41 appeared to rise more briskly during the
infusion of saline than dopamine but the differences were not

statistically significant for either hormone.

The dopamine infusion caused a

small increase in heart

rate and

suppression of serum prolactin

concentrations (Figures

37 & 38).The

dopamine infusion was accompanied by an awareness of heart beat and
visible vasoconstriction along the vein in which the infusion was
administered.

The CRF-41 injection was followed by facial flushing in

all the subjects.

No other side-effects were reported.

CONCLUSIONS
The dopamine infusion resulted

in high plasma dopamine

the order that is observed in rat hypophysial

concentrations, of

portal plasma,

and had the

expected biological effects of increasing plasma noradrenaline
concentrations and heart rate and suppression of serum prolactin.

There was no significant modulation of the action of CRF-41 by these
dopamine concentrations in man.

High concentrations of dopamine may have a small inhibitory effect on the
secretion of ACTH under basal conditions in man. This may be mediated by
the rise in plasma noradrenaline concentrations,

as a similar effect was

observed during peripheral adrenoceptor activation with adrenaline and
noradrenaline (see Results,

Pages 108 and 131).

Figure 37

The effects of normal saline and dopamine (2 ug/kg/min) on the plasma
concentrations of dopamine, noradrenaline, adrenaline, heart rate and
blood pressure (mean + SEM) in six normal male subjects.

Dopamine and

saline were given continuously from -30 to 120 minutes.
Open circles:

saline, closed circles: dopamine. Only standard error bars

that are larger than the size of the symbol are shown.
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Figure 38

The effects of normal saline,

dopamine (2 ug/kg/min), CRF-41 (25 ug) and

the combination of dopamine and CRF-41 on the plasma concentrations of
ACTH,

cortisol and prolactin (mean + SEM) in six normal male subjects.

Dopamine and saline were given continuously from -30 to 120 minutes and
CRF-41 was injected as a bolus at time 0.
Open circles:

saline, closed circles: dopamine, open triangles: CRF-41,

closed triangles: CRF-41 + dopamine. Only standard error bars that are
larger than the size of the symbol are shown.
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PART IV

STUDIES ON THE POSSIBLE PHYSIOLOGICAL SIGNIFICANCE
OF THE STIMULANT ALPHA-1 ADRENOCEPTORS

In this series of experiments,

the physiological significance of the

stimulant alpha-1 adrenoceptors was studied by examining the effects on
ACTH and cortisol secretion of administration of an alpha-1 antagonist
(thymoxamine) and an agonist (methoxamine) during conditions of increased
ACTH secretion. Two physiological models and one pharmacological stimulus
were studied in man.

Thymoxamine was chosen as the alpha-1 antagonist in preference to
prazosin as the former is available as an intravenous preparation, which
prazosin is not.

Intravenous administration was the preferred route in

order to ensure uniform bioavailability. Thymoxamine was also preferred
in view of its rapid disappearence from plasma following termination of
the infusion,

enabling the subjects to mobilise shortly after the end of

the experiments.

In view of the reported weak H^ antihistaminic action of

thymoxamine on the guinea pig ileum in vitro referred to previously,

it

was felt important to further study the pharmacological properties of
this compound in man, prior to carrying out the physiological studies.

1. Investigation of possible antihistaminic effects of thymoxamine in man
This experiment investigated whether the alpha-1 antagonist thymoxamine
possesses antihistaminic activity in the doses used in man,

as reported

on the guinea pig ileum in vitro (Birmingham & Szolcsanyi, 1965).

The model that was chosen in this experiment was the bronchoconstrictor
action of intravenously injected histamine in normal man. An intravenous
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bolus injection of histamine in normal subjects causes a small,

transient

increase in airways resistance that is maximal at 30 to 60 seconds
(Newball & Keiser,

1973). The rapid reversal of the airways obstruction

may be due to the release of catecholamines that is caused by the
histamine injection (Smith et a l , 1985), causing a compensatory
bronchodilator effect.

In support of this suggestion is the fact that

intravenous histamine injections cause more pronounced broncho constriction in adrenalectomised than normal cats (Colebatch & Engel,
1974) and that pre-treatment with propranolol enhances the broncho constrictor effects of histamine in normal man (Ploy-Song-Sang et a l ,
1978). The release of catecholamines by histamine may explain why
continuous intravenous infusions of histamine in normal subjects are not
usually followed by any consistent change in airways resistance (Brown et
a l , 1977; Ploy-Song-Sang et a l , 1978). Vasodilatation caused by
thymoxamine may also release catecholamines by

a reflex mechanism.

order to eliminate the antagonistic effects of

the released

catecholamines,

In

the subjects of this study were pretreated with

propranolol.

METHODS
Five medically qualified normal volunteers who were members of the
department were studied on three occasions each at weekly intervals, at
the same time of day for each subject.

The subjects lay in bed in a

semi-recumbent position in a quiet room with electrocardiagraphic
monitoring.
cannula,

Thirty minutes after the placing of a forearm venous

the following infusions were given in

single (subject) blind,

random order for 70 minutes:
1.

Normal saline bolus followed by a continuous infusion

2.

Thymoxamine 0.15 mg/kg bolus followed by 0.15 mg/kg/hr

3.

Chlorpheniramine 1.5 mg bolus followed by 1.5 mg/hr
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Twenty minutes after the commencement of the continuous infusions,

the

subjects received propranolol 10 mg over 10 minutes intravenously.

At

the end of the propranolol infusion the subjects were given histamine
acid phosphate 1 ug/kg (of the base) and at 50 minutes a further 2ug/kg
bolus was given.

Forced expiratory volume in one second (FEV^) and forced vital capacity
(FVC) were measured with a Vitalograph dry spirometer at 10 minute
intervals during the control period, at 30 second intervals for three
minutes following each histamine injection and at 5 minute intervals
thereafter. The heart rate was calculated from the electrocardiogram and
blood pressure was measured by sphygmomanometry (phases 1 & 5).

A preliminary experiment assessed the reproducibility of the spirometric
measurements.

Coefficients of variation of ten replicate measurements in

two subjects were: F EV^: 0.6% and 1.85%; FVC: 1% and 1.1%.

RESULTS
FEV^ and FVC prior to the onset of the saline,
chlorpheniramine infusions were:

thymoxamine and

3640 + 195 and 4090 + 183;

and 4140 + 238; 3570 + 222 and 3980 + 217 mis respectively,
significantly different from each other.

3630 + 224
and were not

There were small falls in FEV^,

FVC and heart rate following propranolol during all three infusions and
these reached statistical significance for heart rate during the
thymoxamine and chlorpheniramine infusions and FEV^ during the
chlorpheniramine infusion (P<0.05, Student's t test).

The histamine injections were followed by dose dependent reductions in
FEV^ and FVC (Figure 39 & Table 6).

The chlorpheniramine infusion was

accompanied by smaller falls in FEV^ and FVC than during the saline
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infusion following both doses of histamine.

There was no attenuation of

the falls in FEV^ or FVC during the thymoxamine infusion compared to
saline.

The mean maximum histamine-induced falls in FEV^ and FVC were

greater during the thymoxamine infusion than during saline (Table 6), but
the differences were only significant for FVC following the 1 ug/kg dose
of histamine.

The differences between thymoxamine and saline were not

significant by analysis of covariance.

Mean heart rate was slightly faster during the thymoxamine infusion than
during chlorpheniramine and saline, but the differences were not
statistically significant.

Neither drug had any significant effect on

blood pressure in comparison to saline.

The subjects experienced a metallic taste, headache and facial flushing
following the histamine injections.

No arrhythmias or hypotensive

episodes were observed.

CONCLUSIONS
The bronchoconstrictor effect of histamine was inhibited by the
antihistamine chlorpheniramine, but not by thymoxamine. Therefore,
thymoxamine has no major

antihistaminic activity in clinical doses.

The drug should be a useful agent in the investigation of alpha-1
adrenoceptor mechanisms in man,
actions,

in view of its relatively selective

its passage across the blood brain barrier and its availability

as an intravenous preparation.

Table 6

The relationship of histamine dose to bronchoconstrictor action,
expressed as the percentage change in FEV^ and FVC from the values
immediately preceeding the histamine injection.

Infusion
saline

chlorpheniramine

thymoxamine

Histamine dose

Values are means + SEM,

% chanse in FEV^

% chanse in FVC

1 ug/kg

-6.0 + 1.2

-5.0 + 1.8

2 ug/kg

-9.4 + 1.6

-9.5 + 1.1

1 ug/kg

0.3 + 2.0

+1.0 + 2.5

2 ug/kg

4.6 + 1.2

-4.5 + 1.1^

1 ug/kg

7.8 + 0.4

-9.4 + 0.7’

2 ug/kg

9.7 + 2.4

-11.4 + 2.2

* P < 0.05, Student's t test vs equivalent histamine dose during saline
infusion.
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2. The effects of alpha adrenergic manipulations on the 24 hour pattern
of cortisol secretion in man.
This study was aimed to investigate whether the demonstrated stimulant
alpha-1 adrenoceptor mechanism in man is physiologically relevant in the
control of the hypothalamo-pituitary adrenal axis under basal conditions
during the twenty four hour period.

METHODS
Six normal male subjects aged 22-31 years attended on three separate
occasions at least seven days apart, having fasted from midnight,

and had

an intravenous cannula inserted in each arm at 08.00h for blood sampling
and drug infusion. The continuous infusions were given via portable
syringe pumps and the subjects were fully ambulant but were confined to
the ward.

They were allowed to engage in light activities such as

reading or watching television but did not exercise.

The timing and

content of their meals were standardised and no food or drink was allowed
apart from those times.

The subjects went to bed at 23.00h and the

lights were extinguished between 23.30h and 06.OOh the following morning.
At 07.OOh the subjects got out of bed and the study terminated at 09.OOh.
Blood samples were taken hourly during the waking period and an extra
sample was taken 30 minutes after commencing each meal.

Samples were

taken at 2 hourly intervals between 24.OOh and 06.OOh without disturbing
the sleeping subjects.

Pulse rate and blood pressure were taken in the

lying position at hourly intervals during waking hours and two hourly
between 24.OOh and 6.OOh, and in the standing position at hourly
intervals during waking hours.

The following intravenous infusions were given double blind in random
order:
1) Normal saline 5 ml bolus followed by 20 ml infused continuously over
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24 hours

2)

thymoxamine 0.1 mg/kg in 5 ml saline bolus followed by 2.4 mg/kg

in 20

ml normal saline over 24 hours (0.1 mg/kg/h)
3)

normal saline 5 ml followed by methoxamine 60 mg in 20 ml normal
saline over 24 hours (2.5 m g / h ) .

RESULTS
Mean plasma cortisol concentrations at 09.OOh before the infusions of
saline, methoxamine and thymoxamine were 344 + 63, 284 + 28 and 297 + 44
nmol/1 respectively,

and were not significantly different from each other

by Student's t test.

During the saline infusion, plasma cortisol fell

after 09.OOh but rose following the ingestion of lunch and there were
other minor peaks during the remainder of the waking hours,

superimposed

upon the general decline of cortisol concentrations (Figure 40, Page
153).

The expected surge in cortisol secretion was observed by 04.O O h ,

reaching a peak between 06.OOh and 08.OOh and declining thereafter.

Mean

plasma cortisol concentrations were higher during the methoxamine
infusion than during saline from 12.OOh until 23.OOh and the mean area
under the curve from 09.00 to 23.00 was significantly greater for
methoxamine than that for saline (p < 0.05, analysis of variance of
changes in the area under the curve).

During the thymoxamine infusion,

mean plasma cortisol concentrations were consistently lower than during
the saline infusion for the whole of the waking period between 09.OOh and
23.OOh and the mean area under the curve was significantly less than that
for saline (p < 0.02).

There were no significant differences in the mean

area under the curve in the period 24.OOh to 09.OOh between either drug
and saline (p > 0.1 for both).

Neither drug exerted any significant effect on systolic or diastolic
blood pressure in the supine or standing position in comparison to saline
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(Figure 41; Heart rate and blood pressure in standing position not
shown).

The methoxamine infusion was associated with a small but

significant bradycardia in comparison to saline (mean area under the
curve P < 0.05 throughout the study period) but the differences between
thymoxamine and saline were not statistically significant.

No symptoms were experienced during the saline or thymoxamine infusions.
The methoxamine infusion was accompanied by a sensation of piloerection
in 5 subjects and a slight sensation of urethral tightness in 2 subjects.

CONCLUSIONS
During waking hours,

the cortisol secretory pattern was enhanced by

methoxamine and reduced by thymoxamine. There was no significant effect
of either drug on plasma cortisol concentrations at night.

An alpha-1 adrenoceptor stimulant mechanism located within the blood
brain barrier plays a role in maintaining the activity of the pituitary
adrenal axis throughout the waking hours in man, but does not determine
the resumption of ACTH-cortisol secretion in the second half of the
night.
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Effects of infusions of methoxamine (broken l ine), thymoxamine (dotted
line) and saline (continuous line) on supine heart rate and blood
pressure (mean + SEM) in six subjects. Abbreviations as in Figure 40.
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3. The role of al p h a - 1 adrenoceptors in the cortisol response to feeding
in man

Mid-day and evening surges of cortisol secretion were noted in the early
studies that employed frequent blood sampling techniques in studying the
circadian rhythm of cortisol secretion in man (Perkoff et a l , 1959; Orth
et a l , 1967; Weitzman et al, 1971; Krieger et al, 1971).

Brandenberger

and Follenius (1973) related the mid-day surge to ingestion of lunch and
their conclusions were confirmed by other investigators (Quigley and Yen,
1979; Slag et a l , 1981).

The relation of ACTH to food-induced cortisol secretion in man has been
the subject of controversey.

Slag et al (1981) found a small rise of

plasma ACTH following food ingestion but their findings could not be
confirmed by Fehm et al (1983) .

The source of food-induced ACTH secretion could be the pituitary gland or
the gastrointestinal tract, parts of which contain immunoreactive ACTH
that is indistinguishable immunologically and on gel chromatography from
pituitary ACTH (Larsson,

1977 & 1979).

This experiment was designed with the following aims:
1. to determine whether food induced cortisol secretion is preceded by an
ACTH surge by using a sensitive ACTH assay and frequent blood sampling
2. to determine the source of the ACTH surge by examining the effects of
feeding on patients with pituitary ACTH deficiency but normally
responsive adrenal glands
3. to investigate the role of alpha-1 adrenoceptors in mediating the
cortisol response to feeding in normal subjects
4. to determine whether any observed changes in cortisol secretion in
response to adrenergic manipulation could be due to effects on the
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absorption of nutrients from the gastrointestinal tract. Blood glucose
was chosen as an index of carbohydrate absorption and plasma
tryptophan as an index of protein absorption as it is an amino acid
that has been shown to stimulate cortisol secretion in man (Modlinger
et a l , 1980).

METHODS
Six normal male subjects (aged 25 to 32 years) were studied on 3
occasions each starting at 11 am, one hour after the placing of 2
intravenous forearm cannulae.
intervals for 3 hours.

Blood samples were taken at 10 minute

Plasma ACTH concentrations were measured by the

extracted assay. After the first blood sample,

the following intravenous

infusions were given in double blind, random order:
1. normal saline
2. methoxamine 1 ug/kg/min
3. thymoxamine 0.15 mg/kg bolus and 2.5 ug/kg/min

The infusions were continued until the end of the study. The bolus doses
were given in a volume of 2 ml and the infusions in 40 ml.

Blood

pressure was recorded at 30 minute intervals throughout the study.
minutes after commencement of the study,

Sixty

the subjects were given a

standard lunch consisting of chicken, vegetables, milk and an apple (0.98
g protein/kg body weight, 0.74 g/kg carbohydrate,

0.53 g/kg fat and 11.5

Cal/kg).

Four patients with recent onset of pituitary ACTH deficiency
(hypopituitarism associated with a plasma cortisol concentration at 9 am
less than 100 nmol/1) were studied for 3 hours each, during which blood
samples were collected at 10 minute intervals and the same standard meal
was administered at 60 minutes. The cause of hypopituitarism was
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transsphenoidal removal of a corticotroph tumour in 2 patients,
postradiotherapy for a macroadenoma in one patient and a macroadenoma
compressing the pituitary stalk in the 4th patient. Only two of the
patients had received glucocorticoid replacement and this was stopped 60
and 72 hours before the studies.
responsiveness,

To assess adrenocortical

each patient received an intravenous injection of a

physiological dose of ACTH as 250 ng tetracosactrin (alpha

^

ACTH)

(Landon et a l , 1967) and blood samples were taken before and at 10 minute
intervals for 30 minutes following the injection for cortisol assay.
Adrenocortical responsiveness was studied in six normal subjects in an
identical manner for comparison. This dose of ACTH is submaximal (Landon
et al, 1967) .

RESULTS
Normal volunteers
Mean values of plasma ACTH and cortisol before the saline infusion were
16.7 + 1.5 ng/1 and 135 + 19.5 nmol/1 respectively, before the
methoxamine infusion 20.9 + 2.5 ng/1 and 213.3 + 12.4 nmol/1 and before
the thymoxamine infusion 17.5 + 2.1 ng/1 and 187.5 + 25.3 nmol/1. These
values were not significantly different from each other (Student's t
test). During the first hour of the study,

the areas under the plasma

ACTH and cortisol concentration curves during the methoxamine infusion
were slightly but significantly greater than those during saline (Figure
42.

ACTH:

P < 0.025, cortisol: P < 0.01, analysis of variance) but the

thymoxamine infusion had no effect on either hormone in that period. At
60 minutes, just prior to the ingestion of lunch, plasma ACTH and
cortisol concentrations during the infusion of saline, methoxamine and
thymoxamine were:

17.3 + 3.9 ng/1 and 155 + 17.6 nmol/1;

and 218.3 + 18.2 nmol/1;

28.6 + 3.7 ng/1

14.6 + 1.6 ng/1 and 114.8 + 11.2 nmol/1,

respectively. None of these values was significantly different from those

during saline (Student's t test). Following the ingestion of lunch,
plasma ACTH and cortisol rose during all three infusions.

However,

the

methoxamine infusion was accompanied by higher plasma ACTH and cortisol
concentrations than during saline, while the thymoxamine infusion was
accompanied by lower concentrations of both ACTH and cortisol;

the

differences in each case were statistically significant (analysis of
variance of changes in the area under the curve,
methoxamine: ACTH P < 0.01, cortisol P < 0.001,

drug vs saline:
thymoxamine: ACTH P <

0.025, cortisol: P < 0.001).

Mean blood sugar concentrations before the infusion of saline,
methoxamine and thymoxamine were 4.1 + 0.2, 3.9 + 0.1 and 3.9 + 0.1
mmol/1 respectively. Blood sugar rose following lunch ingestion during
all three infusions (Figure 43) but there were no significant differences
between the values during the two drug infusions and saline.

Plasma

tryptophan concentrations prior to the ingestion of lunch during the
infusion of saline, methoxamine and thymoxamine were 58.7 + 5.9, 61.9 +
6.9 and 60.5 + 9.7 umol/1 respectively.

Plasma tryptophan concentrations

increased following lunch ingestion during all three infusions but the
differences in plasma tryptophan concentrations between the two drugs and
saline were not statistically significant.

Neither drug exerted any effect on systolic or diastolic blood pressure
in comparison to saline.

The methoxamine infusion was accompanied by a

mild sensation of pilo-erection but no other side effects were reported.

Hypopituitarv patients
There was no rise in plasma cortisol in any of the patients following
lunch ingestion (Fig 44).
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AC TH stimulation studies

In the hypopituitary patients, plasma cortisol increments following the
injection of 250 ng alpha^ ^

ACTH were:

310, 200, 150 and 130 nmol/1

(undetectable basal cortisol was regarded as 50 nmol/1).

In the normal subjects,

the range of plasma cortisol increments after

injection of 250 ng alpha^

was 130 to 190 nmol/1 (mean 157

n mol/1).

CONCLUSIONS
1. The post prandial cortisol secretory surge was preceded by an ACTH
surge,

suggesting that food induced cortisol secretion is mediated by

ACTH. The inability of the previous investigators to demonstrate an ACTH
increment may be related to inadequate assay sensitivity.

2. The finding that patients with pituitary ACTH deficiency but normally
responsive adrenal glands are unable to mount a cortisol response to
feeding suggests that food induced cortisol secretion is mediated by
pituitary rather than gut ACTH.

3. Food induced ACTH and cortisol secretion were reduced by thymoxamine
and increased by methoxamine. This suggests that these secretory surges
are mediated at least in part by alpha-1 adrenoceptors.

4. Neither drug interfered with nutrient absorption;

it is therefore

unlikely that the effects of these adrenergic manipulations on
food-induced ACTH secretion are exerted on the gastrointestinal tract.
The cortisol response to feeding appears to be mediated by central
alpha-1 adrenoceptors that stimulate pituitary ACTH secretion.
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4. The effect of thymoxamine on the cortisol response to hypoglycaemia.
The purpose of this experiment was to examine the hypothesis that the
cortisol response to this pharmacological stimulus is mediated by alpha-1
adrenoceptors.

Hypoglycaemia is not a physiological situation in man, but it was chosen
as a model for investigation as the adrenocortical response to insulin is
a well characterised test that is widely used in clinical medicine
(Fraser et a l , 1941; Bliss et a l , 1954). The height of the cortisol peak
following hypoglycaemia has been shown to be reproducible and to be
dependent on the degree of hypoglycaemia (Greenwood et a l , 1966). A
consistent cortisol response is obtained when the blood glucose
concentration falls below 2.2 mmol/1 (40 m g / d l ; Landon et a l , 1963).

Although glucose-sensitive cells are found in the periphery as well as in
several parts of the central nervous system (Ritter et a l , 1981; Shimizu
et a l , 1983), much evidence suggests that the pituitary-adrenal response
to this stimulus is mediated by a central reflex involving the
hypothalamus,

rather than directly on the pituitary.

In the rat, lesions

of the hypothalamus abolish the ACTH response to hypoglycaemia (Benson,
1966; Jezova et a l , 1987). The medial basal hypothalamus apears to be
particularly important in this reflex, as destruction of this region
abolishes the pituitary adrenal response to hypoglycaemia, whereas
'd e -afferentation' of the hypothalamus does not (Makara et a l , 1970;
Aizawa et a l , 1981). Although neuroglycopaenia stimulates the secretion
of adrenomedullary catecholamines,

these are not responsible for the

pituitary-adrenocortical activation in man, as the cortisol response to
glycopaenia is preserved in patients with cervical cord transection,
despite absence of the peripheral catecholamine response (Brodows et a l ,
1973). Hypoglycaemia increases the secretion of vasopressin into
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hypophysial portal blood, but only small or no detectable increments in
the concentrations of CRF-41 are seen (Plotsky et a l , 1985b; Engler et
al,

1989; Guillaume et al, 1989). CRF-41 may be required for vasopressin

to exert its full synergistic effect.

Although there is considerable evidence for a central site of action of
hypoglycaemia, Mezey et al (1984b) reported that rats with transected
pituitary stalks or destroyed medial basal hypothalami retained the ACTH
response to hypoglycaemia. They suggested that the response was mediated
peripherally, possibly via circulating catecholamines,

as the ACTH

response to insulin was reduced by propranolol. However, no hormonal
evidence was given of the completeness of the stalk transection,
hyperprolactinaemia or diabetes insipidus;

such as

it is likely that their

animals retained some hypothalamo-pituitary connection,

as basal plasma

ACTH concentrations were not reduced. Their findings have not been
confirmed by others

(Jezova et a l , 1987).

In the rat, glycopaenia is accompanied by an increase of noradrenaline
turnover in the hypothalamus

(Smythe et a l , 1984). Several studies have

examined the effects of alpha and beta adrenoceptor antagonists on the
cortisol response to this stimulus in man. Nakai et al (1973) reported
that phentolamine blunted the cortisol response to insulin-induced
hypoglycaemia but their findings could not be confirmed by several other
groups (Nakagawa et al, 1971; Jacobs et a l , 1973; Rizza et a l , 1979).
However, phentolamine is not the ideal pharmacological tool as it
increases noradrenaline turnover by its action on presynaptic alpha-2
adrenoceptors.

In this experiment,

the effect of a blocking dose of the

more selective antagonist thymoxamine was examined.

METHODS
Following an overnight fast, six normal volunteers

(including two females

in the follicular phase of the menstrual cycle) had an intravenous
cannula inserted in each arm for blood sampling and intravenous
infusions. They were given the following drugs intravenously at weekly
intervals,

in double blind, random order:

1. normal saline 5 ml bolus over 30 seconds followed by normal saline 10
ml/hour
2. soluble insulin 0.15 U/kg followed by saline infusion
3. thymoxamine 0.2 mg/kg bolus followed by 0.15 mg/kg/hr as a continuous
infusion
4. thymoxamine followed by insulin

Heart rate, blood pressure and blood samples were taken at the indicated
intervals.

Following completion of each test, a glucose drink and a meal

were administered.

RESULTS
When given alone,

thymoxamine caused a small fall in plasma cortisol

concentrations in comparison to saline (Figure 45; P < 0.05,

analysis of

variance of changes in the area under the curve; plasma cortisol mean +
SEM at 120 minutes:

saline:

255 + 36.5,

thymoxamine:

151.4 + 2 2 . 7 ,

P <

0.02, Student's t test; change in plasma cortisol 120 minutes - baseline:
saline:

-54 + 45.6,

thymoxamine:

-228.6 + 4 5 . 5 ,

P < 0.02).

Following administration of insulin, plasma cortisol rose from 391.7 +
54.4 nmol/1 at 0 minutes to 715 + 80.4 nmol/1 at 60 minutes. Thymoxamine
had no significant effect on the plasma cortisol response to insulin
(Figure 45).
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Administration of insulin reduced the blood glucose from 4.0 + 0.1 mmol/1
at 0 minutes to a nadir of 0.8 + 0.1 mmol/1 at 30 minutes and there was a
concommitant increase in heart rate and systolic blood pressure and
reduction of diastolic blood pressure (Figures 45 & 46). Thymoxamine had
no significant effect on the blood glucose or blood pressure,

either

basally or following administration of insulin. Thymoxamine increased the
heart rate in comparison to saline (P < 0.05) and enhanced the increase
in heart rate in response to insulin (P < 0.05).

Drowsiness and sweatiness were observed in all the subjects following
administration of insulin, alone and with thymoxamine. When administered
alone,

thymoxamine caused slight drowsiness and a sensation of nasal

stuffiness.

CONCLUSIONS
It appears that the cortisol response to hypoglycaemia,
nocturnal surge of cortisol secretion,

like the

is not mediated by alpha-1

adrenoceptors.

The dose of thymoxamine was biologically effective, as indicated by the
tachycardia and accelaration of the circadian fall in plasma cortisol
concentrations in comparison to placebo.
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PART V

THE EFFECTS OF ENDOGENOUS CATECHOLAMINES ON THE SECRETION OF ACTH

In this section,

the relationship of catecholamine systems to the

secretion of ACTH was further examined by manipulations of endogenous
catecholamines. As an investigative tool, activation of endogenous
catecholaminergic systems has attractions over administration of an
exogenous agonist.

In the brain,

there is a mismatch between the

distribution of catecholamine neurones and adrenergic receptors, and
many receptors appear not to be innervated or regulated by catecholamine
neurones

(see Introduction,

Page 39). The functions of these receptors

are still a matter of speculation. Whereas an exogenously administered
agonist can be expected to bind to all adrenergic receptors,

activation

of endogenous catecholamine systems should activate only those receptors
that are functional and innervated by catecholamine neurones.

This

should therefore be a more physiological method of stimulating
adrenergic receptors than administration of an exogenous agonist.

1. The effects of tyrosine on the secretion of ACTH in man:
dose -response study.
The aims of this experiment were:
1. To investigate whether the plasma ACTH response to food ingestion is
caused by absorption of the catecholamine precursor and dietary amino
acid tyrosine,

and its subsequent conversion to noradrenaline. This was

done by administering a dose of tyrosine that is similar to the
estimated tyrosine content of the standard meal previously shown to
stimulate ACTH secretion (see Results, Page 155).
2. To examine the effects on ACTH secretion of supraphysiological doses
of tyrosine,

in an attempt to activate endogenous catecholamine systems.
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As an investigative tool, tyrosine has advantages over the other
naturally occuring catecholamine precursors. Dopamine,
precursor of noradrenaline,

the immediate

is highly hydrophyllic and does not cross

the blood-brain barrier following systemic administration (Bertler et
a l , 1966). The other natural catecholamine precursor,
L-dihydroxyphenylalanine (L-DOPA) penetrates the blood brain barrier
when it is given in quantities that are large enough to saturate the
'DOPA decarboxylase'
capillaries,

enzyme in the endothelial cells of the brain

or when that enzyme is inhibited by the concommitant

administration of an enzyme inhibitor, such as carbidopa (Bertler et a l ,
1966). However, L-DOPA is taken up into a large variety of cells in the
periphery and in the central nervous system that contain the 'DOPA
decarboxylase' enzyme. This results in the release of dopamine as a
'false neurotransmitter'
Rosengren,

from non-catecholaminergic neurones (Bertler 6c

1959b). This may account for the variety of actions and side

effect of L-DOPA.

In contrast,

the tyrosine hydroxylase enzyme that

converts L-tyrosine to L-DOPA is only found in catecholamine
synthesising cells,

so L-tyrosine can be expected to have far more

specific effects than L-DOPA.

The L-neutral amino acids (LNAA) share a common, competitive mechanism
for transport across the blood-brain barrier and a similar mechanism has
been proposed for the entry of tyrosine into neurones (Pardridge 6c
Oldendorf,

1977; Morre 6c Wurtman,

1981).

In the rat, manipulations of

plasma amino acid concentrations have demonstrated that brain tyrosine
concentrations are directly related to the ratio of the plasma
concentration of tyrosine to the sum of the concentrations of the other
LNAA (Fernstrom 6e Faller,
experiment,

1978; Agharanya 6c Wurtman,

1982).

In this

the ratio of tyrosine to the sum of the concentrations of

the other LNAAs was measured,

as an index of the passage of tyrosine
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across the blood brain barrier.

METHODS
Eight normal subjects (including 4 females in the follicular phase of
their regular menstrual cycles) were studied following an overnight fast
on four occasions each, starting at 10.00 am, following insertion of an
intravenous cannula one hour earlier. They received,

in double-blind,

random order L-tyrosine 50, 250 and 500 mg/kg and placebo (calcium
carbonate) as an emulsion in 150 mis of water orally. The 50 mg/kg dose
of tyrosine is similar to the estimated tyrosine content of the standard
meal which had previously been shown to stimulate ACTH and cortisol
secretion in normal subjects (see Results,

Page 122). The subjects were

studied in the recumbent position in a quiet room and blood samples,
heart rate and blood pressure were taken at 15 minute intervals. At 30
minute intervals,

the subjects were asked to assess their state of

behavioural arousal on the previously described visual analogue scales
(see Methods,

Page 86). Plasma ACTH concentrations were measured by the

unextracted IRMA.

RESULTS
The administration of tyrosine caused a dose dependent increase in
plasma tyrosine concentrations (Figure 47) but had no effect on the
concentrations of the other LNAAs (Table 7).

Tyrosine had no effect on plasma ACTH or cortisol concentrations in
comparison to placebo (Figure 47). There was no significant effect of
tyrosine on blood pressure or the visual analogue scales of arousal in
any of the doses given (Figure 48). No side effects or unpleasant
sensations were reported.
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CONCLUSIONS
Tyrosine h a d no stimulant effect on ACTH

given,

secretion in any of the doses

so the ACTH response to feeding is unlikely

to be due simply

to

the ingestion of dietary tyrosine.

The ingestion of tyrosine caused a large

increment in the ratio of

tyrosine to the sum of the concentrations of the other L N A A s .
basis of the evidence in experimental animals,

On the

the increment in this

ratio in this study can be expected to have increased the uptake of
tyrosine across the blood brain barrier and into the neurones.

TABLE 7
The effects of placebo and tyrosine 500 mg/kg on mean ± SEM plasma
L-neutral amino acid (LNAA) concentrations (umol/1) and the ratio of the
concentration of tyrosine to the sum of the concentrations of the other
LNAAs.

TYR/LNAA

PHE

TRYP

135.6

62.6

125.8

0.09

±3.6

±16.1

±6.2

±18.8

±0.009

202.6

72.0

133.4

61.4

109.0

0.09

±5.1

±26.4

±14.3

±18.5

±11.0

±16.2

±0.01

50.2

226.6

53.4

126.6

54.8

134.4

0.08

±2.8

±13.6

±6.2

±8.5

±2.1

±19.2

±0.006

467.6

238.4

58.0

116.4

59.4

134.8

0.77

±135

±19.7

±4.2

±13.6

±2.5

±24.4

±0.23

TYR

VAL

ISOLEU

LEU

59.4

251.4

65.2

±4.2

±19.4

51.8

PLACEBO
-15 mins

105 mins

TYROSINE
-15 mins

105 mins

Figure 47

The effects of oral placebo and tyrosine 50, 250 and 500 mg/kg on mean +
SEM plasma tyrosine, ACTH and cortisol concentrations in eight normal
subjects.
circles:

Symbols:

squares: placebo,

triangles:, tyrosine 50 mg/kg, open

tyrosine 250 mg/kg and closed circles:

tyrosine 500 mg/kg.
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Figure 48

The effects of oral placebo and tyrosine 50, 250 and 500 mg/kg on mean +
SEM heart rate, blood pressure and three linear visual analogue scales
of behavioral arousal in eight normal subjects.
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2. The effects of al ph a - 2 adrenoceptor blockade on the actions of

tyrosine
The aim of this experiment was to examine the reasons for the lack of
effect of tyrosine on the secretion of ACTH in man. It was postulated
that the lack of effect of tyrosine might be due to activation of one of
the negative feedback processes that control the rate of conversion of
tyrosine to catecholamines and their subsequent release.

This experiment

examined the role of the presynaptic alpha-2 adrenoceptors, which inhibit
the release of noradrenaline from the central and peripheral
noradrenergic neurones.

The synthesis and release of noradrenaline is controlled by at least two
negative feedback processes (Figure 49).

Firstly,

the activity of the

enzyme tyrosine hydroxylase is inhibited by the products of the
catecholamine synthesis pathway (Nagatsu et a l , 1964; Udenfriend et a l ,
1965). As tyrosine hydroxylase is the rate limiting step in the synthesis
of catecholamines,

this forms a negative feedback process in the rate of

conversion of tyrosine to noradrenaline.

Secondly, noradrenaline released

from the nerve terminals activates pre-synaptic alpha-2 adrenoceptors
which limit the further release of neuronal noradrenaline

(Langer,

1977).

This experiment examined the possible role of this latter mechanism in
modulating the responsiveness to tyrosine, by examining the effects of
the alpha-2 adrenoceptor antagonist idazoxan on the hormonal, behavioural
and cardiovascular effects of tyrosine.

METHODS
Seven normal male subjects were studied on 6 occasions each, receiving:
1) idazoxan 0.1 mg/kg intravenously over 12.5 minutes,
tyrosine 250 mg/kg orally;
2) idazoxan followed by tyrosine 500 mg/kg;

followed by
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3) normal saline intravenously followed by tyrosine 250 mg/kg;
4) normal saline followed by tyrosine 500 mg/kg;
5) idazoxan followed by placebo (calcium carbonate);
6) normal saline followed by placebo.

Idazoxan was disolved in normal saline 0.1 ml/kg, and the same volume of
saline was administered as a control. Blood samples, heart rate and blood
pressure were taken at 15 minute intervals and the visual analogue scales
of behavioural arousal were administered at 30 minute intervals. The
studies were carried out under electrocardiographic monitoring.

Plasma

ACTH concentrations were measured by the unextracted IRMA.

RESULTS
Idazoxan and tyrosine had no effect on plasma ACTH, cortisol or
noradrenaline concentrations when they were administered on their own. In
contrast,

the combined administration of tyrosine and idazoxan caused

dose -dependent increases of plasma ACTH,

cortisol and noradrenaline

concentrations in comparison to placebo (Figures 50 & 51). The increments
in plasma ACTH and noradrenaline concentrations were statistically
significant following the 500 mg/kg dose of tyrosine (P < 0.02 and P <
0.01 respectively by analysis of variance of changes in the area under
the c u r v e ) , but the changes following the 250 mg/kg dose did not reach
statistical significance.

Idazoxan had no significant effect on plasma

adrenaline concentrations.

Idazoxan caused small but significant increases in systolic blood
pressure in comparison to placebo, both when it was given alone and in
combination with tyrosine (P < 0.001, Figure 52). There were no
significant changes in heart rate, diastolic blood pressure or any of the
visual analogue scales following any drug (Figure 53). No side effects or
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u n p l ea sa nt sensations were encountered following any of the d r u g s .

Idazoxan had no statistically significant effect on plasma tyrosine
concentrations, either when it was given alone or in combination with
tyrosine (Figure 51). The administration of tyrosine and idazoxan had no
effect on the concentrations of the other L-neutral amino acids (LNAA),
so the ratio of the concentration of tyrosine to the sum of the
concentrations of the other LNAA increased following the administration
of tyrosine, both when it was given alone and in combination with
idazoxan (Figure 54).

CONCLUSIONS
Tyrosine stimulates the secretion of noradrenaline and ACTH following
pretreatment with idazoxan, but not when given alone.

The lack of effect of tyrosine on the secretion of noradrenaline and ACTH
is due in part to the activation of alpha-2 adrenoceptors that inhibit
noradrenaline release.

It is possible to activate endogenous catecholaminergic systems by using
the combination of a catecholamine precursor,

tyrosine, and an alpha-2

adrenoceptor antagonist. This results in an increase in the activity of
the hypothalamo-pituitary adrenal axis.

Under basal conditions,

idazoxan alone had minimal effects on the

peripheral sympathetic nervous system and no effect on the secretion of
ACTH. This is presumably because noradrenaline release is minimal under
basal conditions,

so the presynaptic alpha-2 adrenoceptors are not

significantly activated (see the following experiment).

The increment in the ratio of tyrosine to the sum of the concentrations
of the other LNAA can be expected to have increased the uptake of
tyrosine across the blood brain barrier, both when the amino acid was
administered alone and following idazoxan.

Figure 49

Schematic representation of the negative feedback mechanisms that are
involved in the regulation of noradrenaline synthesis and release.
1. Inhibition of tyrosine hydroxylase by the products of the
catecholamine synthesis pathway.

2. Inhibition of noradrenaline release

by presyanptic alpha-2 adrenoceptors.
Abbreviations:

L-tyr: L-tyrosine; TH: tyrosine hydroxylase;

L-dihydroxyphenylalanine; DD:

'DOPA decarboxylase',

L-dopa:

L-neutral amino acid

decarboxylase;

DA: dopamine; DBH: dopamine beta hydroxylase; NA:

noradrenaline,

alpha-1: post-synaptic alpha-1 adrenoceptor.alpha-2: pre-

and post-synaptic alpha-2 adrenoceptors.beta-1: post-synaptic beta-1
adrenoceptor.beta-2: pre- and post-synaptic beta-2 adrenoceptors
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Figure 50

The effects of placebo,

idazoxan (0.1 rag/kg), tyrosine 500 mg/kg and the

combination of tyrosine and idazoxan on mean + SEM plasma noradrenaline,
ACTH and cortisol concentrations in seven subjects. Idazoxan was given
intravenously over 12.5 minutes starting at -15 minutes and tyrosine was
given orally at 0 minutes.

Symbols: squares-placebo, triangles-idazoxan,

closed circles-tyrosine and open circles -idazoxan and tyrosine.
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Figure 51

The relationship of tyrosine dose to plasma noradrenaline and ACTH
responses, expressed as mean + SEM changes in the area under the curve
(AAUC)

for plasma tyrosine, noradrenaline and ACTH concentrations.
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Figure 52

The effects of placebo,

idazoxan (0.1 mg/kg),

tyrosine 500 mg/kg and the

combination of tyrosine and idazoxan on mean + SEM heart rate and blood
pressure in seven normal subjects.

Idazoxan was given intravenously over

12.5 minutes starting at -15 minutes and tyrosine was given orally at 0
minutes.

Symbols:

squares-placebo, triangles-idazoxan, closed

circles -tyrosine and open circles -idazoxan and tyrosine.
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The effects of placebo,

idazoxan (0.1 mg/kg),

tyrosine 500 mg/kg and the

combination of tyrosine and idazoxan on visual analogue scales of
behavioural arousal in seven normal subjects.

Idazoxan was given

intravenously over 12.5 minutes starting at -15 minutes and tyrosine was
given orally at 0 minutes.

Symbols:

squares-placebo, triangles -idazoxan,

closed circles -tyrosine and open circles -idazoxan and tyrosine.
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The effects of placebo,

idazoxan (0.1 mg/kg),

tyrosine 500 mg/kg and the

combination of tyrosine and idazoxan on the ratio of the concentration of
tyrosine to the sum of the concentrations of the other L- neutral amino
acids (LNAA).
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3. The effects of combined blockade of opioid and alpha-2 adrenergic
receptors on ACTH secretion in man.

The aims of this experiment were:
1. to examine the role of the alpha-2 adrenoceptors in the control of
ACTH secretion;
2. to assess a second method of activating endogenous catecholamine
systems.

In the central nervous system, alpha-2 adrenoceptors are found in the
regions that contain the cell bodies of the adrenergic and noradrenergic
neurones,

and in the areas to which these neurones project,

hypothalamic paraventricular nucleus

including the

(Leibowitz et a l , 1982; Unnerstal et

a l , 1984). Alpha-2 receptor binding sites are found in the regions of the
paraventricular nucleus that are immunoreactive to CRF-41 and vasopressin
neurophysin (Cummings & Seybold,

1988). These receptors are located both

presynaptically (on the noradrenergic neurone) and postsynaptically (on
the target neurone)

(U'Prichard,

1984).

In both cases, activation of

these receptors inhibits the firing of the neurone (Cedarbaum &
Aghajanian,

1976; Inenaga et a l , 1986). When the neurones are firing,

activation of presynaptic alpha-2 adrenoceptors is believed to act as a
negative feedback mechanism, whereby noradrenaline limits its own release
(Aghajanian & Vander Maelen,

1982).

As alpha-2 adrenoceptor antagonists increase noradrenaline release by
competing with endogenous noradrenaline,

they can only be expected to

exert their effects in the presence of an ambient concentration of the
agonist.

It follows that an alpha-2 antagonist can be expected to have

minimal effects under basal, unstressed conditions,

and it may be

necessary to increase noradrenergic activity by pharmacological or
physiological means in order to bring out the effects of an alpha-2

antagonist.

In this study,

the opioid antagonist naloxone was used for

this purpose.

The catecholamine neurones of the nucleus tractus solitarius and the
ventrolateral medulla are innervated by enkephalinergic nerve fibres and
enkephalins are colocalised in some brain stem catecholamine neurones
(Pickel et a l , 1979 & 1989; Milner et a l , 1989). Opioid agonists inhibit
the activity of the noradrenergic neurones

(Korf et a l , 1974). This

inhibitory opioid action appears to be involved in regulating the
noradrenergic neurones that innervate the alpha-1 adrenoceptors which
control the hypothalamo-pituitary adrenal axis; naloxone increases
noradrenaline turnover in rat hypothalamus (Tanaka et a l , 1982) and
stimulates the secretion of ACTH in man (Volavka et a l , 1979) by an
alpha-1 adrenergic mechanism (Grossman 6c Besser,

1982). This implies the

existence of a tonic opioid inhibition of the noradrenergic neurones that
control the hypothalamo-pituitary adrenal axis. The stimulation of ACTH
secretion by naloxone was used in this experiment to study the effects of
the selective alpha-2 adrenoceptor antagonist idazoxan under basal
conditions and during increased secretion of the hormone.

METHODS
Eight normal male subjects were given the following intravenous infusions
under double-blind,

randomised conditions:

1. idazoxan 0.1 mg/kg in 0.1 mls/kg normal saline,

given over 12.5

minutes followed by naloxone 0.1 mg/kg given over 2 minutes;
2. idazoxan followed by saline;
3. saline followed by naloxone;
4. saline followed by saline.

Blood samples were taken at 15 minute intervals and heart rate and blood

pressure were recorded automatically at three minute intervals using a
Dinamap recorder. The visual analogue scales of behavioural arousal were
administered before the drug infusions and at 60 minute intervals
thereafter for 2 hours.

Plasma ACTH concentrations were measured by the

IRMA assay.

RESULTS
The administration of naloxone increased the plasma concentrations of
ACTH and cortisol in comparison to placebo (P < 0.05; Figure 55). When
administered alone,

idazoxan had no effect on the secretion of ACTH or

cortisol in comparison to placebo. However,

the ACTH and cortisol

responses to the combination of idazoxan and naloxone were significantly
greater than those to naloxone alone (P < 0.02 for both hormones).

Naloxone had no effect on the cardiovascular measurements or plasma
catecholamine concentrations in comparison to placebo.

Idazoxan caused

small increases in plasma noradrenaline concentrations and blood pressure
and reduction in heart rate in comparison to placebo (Tables 8 & 9 and
Figure 56). The combination of naloxone with idazoxan caused no
enhancement of these responses in comparison to idazoxan alone. Neither
drug on its own had any effect on plasma adrenaline concentrations, but
there was a small increase in plasma adrenaline in response to the
combination compared to placebo.

There were no significant changes in any of the visual analogue scales of
behavioural arousal following the administration of either drug or their
combination in comparison to saline. No side effects or unpleasant
sensations were reported.

C ON CLUSIONS

1. Naloxone stimulated ACTH secretion, confirming previous reports.
2. The lack of effect of idazoxan alone suggests that alpha-2
adrenoceptors do not exert a tonic inhibitory action on ACTH secretion
under basal conditions in man.
3. The enhancement by idazoxan of the stimulant effect of naloxone on
ACTH secretion suggests that when ACTH secretion is stimulated,
inhibitory alpha-2 adrenoceptors are activated and that these limit the
ACTH response.
4. No interaction between naloxone and idazoxan was observed on
the peripheral sympathetic nervous system,

as assessed by cardiovascular

measurements and plasma noradrenaline concentrations.

TABLE 8
The effects of naloxone and idazoxan on plasma catecholamine
concentrations expressed as mean + SEM changes in the area under the
curves in eight subjects.

Statistical comparisons are by analysis of

variance of changes in the area under the curve.

Noradrenaline
n m o l .min/1
Adrenaline
n m o l .min/1

Placebo

Idazoxan

20 + 9

57 + 22 *

3 + 3

9 + 6

* P < 0.05 vs placebo

Naloxone

Idazoxan + naloxone

7 + 9

54 + 6 *

8 + 5

24 + 10 £

£ P < 0.02 vs placebo

Page

189

TABLE 9

The effects of naloxone and idazoxan on mean + SEM heart rate and blood
pressure in eight subjects.

Statistical comparisons are by analysis of

variance of changes in the area under the curve in comparison to saline.
There were no significant differences between the values for idazoxan +
naloxone vs idazoxan alone.

Placebo

Idazoxan

Naloxone

Idazox + nalox

Systolic BP (mm Hg)
Control period

126.8+1.8

126.5+1.9

127.9+1.9

129.5+2.6

0 - 60 minutes

123.3+1.0

129.0+1.0*

121.3+0.8

130.7+1.3£

60-120 minutes

127.2+0.9

134.0+0.9£

125.7+1.0

134.6+1.1

Control period

69.8 + 1.5

65.2+1.8

68.8+1.8

68.5+2.3

0 - 60 minutes

65.9 + 0.7

66.5+0.9£

64.2+0.9

67.5+1.1

60-120 minutes

68.6 + 0.6

71.1+0.8

67.9+0.8

68.8+0.9

Control period

61.2 + 1.4

63.4+1.3

62.9+1.1

58.5+1.4

0 - 60 minutes

60.7 + 0.6

57.6+0.5$

60.3+0.5

57.5+0.6

60-120 minutes

60.8 + 0.5

57.8+0.6

58.5+0.5

57.0+0.6

Diastolic BP (mm Hg)

Heart rate (beats/min)

Symbols:

£ P < 0.02

* P < 0.01

$ P < 0.001

Figure 55

The effects of idazoxan (0.1 mg/kg) and naloxone (0.1 mg/kg),
in combination,

alone and

on mean + SEM plasma ACTH and cortisol concentrations in

eight normal males.
circles: naloxone;

Symbols: squares:
open circles:

saline;

triangles:

idazoxan; closed

idazoxan with naloxone.
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Figure 56

The effects of idazoxan (0.1 mg/kg) and naloxone (0.1 mg/kg), alone and
in combination, on mean + SEM systolic blood pressure in eight normal
males.
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DISCUSSION

PART I

THE EFFECTS OF ACTIVATION OF ALPHA-1 ADRENOCEPTORS ON SECRETION OF ACTH

By using selective pharmacological tools,

the experiments described in

this thesis have clearly demonstrated that activation of alpha-1
adrenoceptors stimulates the secretion of ACTH in

man

(Page 90). The

identity of the receptors was confirmed by using more than one selective
antagonist (Pages 93 & 100) and by excluding possible contributions from
other systems,

in particular histamine receptors (Pages 97 & 144). Other

investigators who used less selective agonists and antagonists concluded
that alpha adrenoceptor activation stimulates ACTH secretion in man (Rees
et a l , 1970; Nakai et a l , 1973).

The experiments also demonstrated a stimulant action of alpha-1
adrenoceptors on ACTH secretion in the rat (Page 105). Previous studies
of the effects of central injections of catecholamines on the secretion
of ACTH in experimental animals yielded apparently contradictory data.
This is probably due to the non-selective nature of the adrenergic
agonists that were used (adrenaline, noradrenaline and clonidine). Thus,
central injections of noradrenaline inhibited adrenocortical activity in
the anaesthetised dog undergoing surgical stress (Van Loon et a l , 1971a;
Ganong et al, 1976), but stimulated it in the rat

and in the cat under

basal conditions

Krieger,

Hiroshige,

(Endroczi et al, 1963; Krieger &

1970; Abe &

1974; Kawa et a l , 1978). A likely explanation for this

apparent contradiction is that noradrenaline injections may exert
different effects on ACTH secretion,

depending on whether the

hypothalamo-pituitary adrenal axis and the central adrenergic systems are

stimulated or quiescent. Under basal conditions, noradrenaline stimulates
ACTH secretion by activation of alpha-1 adrenoceptors, whereas during
conditions of increased ACTH secretion,

activation of alpha-2

adrenoceptors inhibits secretion of the hormone (see Page 185). Recently,
the stimulant effect of cerebroventricular noradrenaline injections on
the hypothalamo-pituitary adrenal axis has been shown to be blocked by
the alpha-1 antagonists prazosin and corynanthine, which is compatible
with the findings reported in this thesis (Szafarczyk et al, 1987;
Plo t s k y , 1987).

Any cardiovascular effects of icv-injected methoxamine are unlikely to
account for its effects on ACTH secretion. Thus,

injections of

methoxamine into the lateral cerebral ventricle may increase the blood
pressure and this has been attributed to the pressor action of
vasopressin,
1985).

secreted in response to methoxamine

(Hiwatari & Johnston,

Elevation of blood pressure has been shown to reduce,

rather than

increase pituitary-adrenal activity (Page 108). Methoxamine is unlikely
to have had direct effects on cerebral blood flow, as the cerebral
vasculature does not possess alpha-1 adrenoceptors, unlike the peripheral
vasculature (Jones et a l , 1985). Central administration of larger doses
of prazosin than those used in this study may cause hypotension, but this
does not explain its blockade of the action of methoxamine on ACTH
secretion,
1961).

as hypotension is a stimulus for ACTH secretion (Egdahl,

PART

I I

THE MECHANISMS OF ACTION OF METHOXAMINE IN STIMULATING ACTH SECRETION

Several experiments were carried out to investigate whether the action of
methoxamine in stimulating ACTH secretion is exerted in the central
nervous system, directly on the pituitary gland or in the periphery.

1. Comparison of the effects of methoxamine and noradrenaline.
The effects of methoxamine on the hypothalamo-pituitary adrenal axis were
not reproduced by equipotent doses of noradrenaline, which is an alpha-1
adrenoceptor agonist that reaches the pituitary gland and the median
eminence following an intravenous injection but does not cross the blood
brain barrier (Page 108). This suggested that the action of methoxamine
is exerted on alpha-1 adrenoceptors that are in the brain.

Further

experiments with alpha-2 and beta agonists and antagonists demonstrated
that these properties of noradrenaline did not account for the
differences from methoxamine (Pages 113 & 116).

It is interesting to compare the effects of activation of peripheral beta
adrenoceptors on the hypothalamo-pituitary adrenal axis in man and in the
rat. No increase in cortisol secretion was seen following the intravenous
administration of adrenaline or noradrenaline in the experiments
described in this thesis (Pages 108 & 131). This contrasts with the
findings from in vivo experiments in rats,

in which the peripheral

administration of beta adrenoceptor agonists stimulated the secretion of
the pro-opiomelanocortin (POMC) derived peptides

(Berkenbosch et a l , 1981

& 1983; Knepel et a l , 1980 & 1982; Tilders et a l , 1982). However,
administration of beta agonists in the rat causes hypotension which is a
potent stimulus to ACTH secretion (Knepel et a l , 1982; Tilders et a l ,

1982) . Another explanation for this species difference may be the
presence in rats of the neurointermediate lobe, whose cells have been
shown to possess beta adrenoceptors (Cote et a l , 1980) and

to respond

beta adrenergic agonists with an increase in the secretion

of POMC

derived peptides (Cote et al, 1980; Gillies & Lowry,
Lowry,

to

1978; Jackson 6c

1978; Tilders et al, 1981; Vale et al, 1983). The source of the

POMC derived peptides that are secreted following systemic administration
of beta agonists to rats may be the neurointermediate lobe, but this is a
vestigial organ in adult man (Rasmussen,

1928; Wingstrand,

1966).

2. The effects of methoxamine on the secretion of ACTH in
hypopituitarism.
Further evidence on the site of the stimulant alpha-1 adrenoceptors was
obtained in man from a study of the effects of methoxamine in patients
with damaged hypothalami but responsive corticotrophs. These patients had
no ACTH response to methoxamine, confirming that this drug

does not exert

its action directly on the pituitary (Page 119).

3. Comparison of the effects of central and peripheral injections of
methoxamine on ACTH secretion in the rat.
Having demonstrated that activation of alpha-1 adrenoceptors stimulates
the secretion of ACTH in the rat,

the opportunity was taken to further

test the hypothesis that the alpha-1 adrenoceptors are located in the CNS
and not in the periphery. This was confirmed by the finding that
methoxamine was more potent in stimulating ACTH secretion when injected
centrally than peripherally (Page 123).

4. Investigation of the hypothalamic peptides that mediate the effects of
alpha-1 adrenoceptors on the secretion of ACTH in the rat.
Having demonstrated that the alpha-1 adrenoceptors that stimulate ACTH

secretion are located in the brain, experiments were performed to
determine which hypothalamic peptides mediate the effects of alpha-1
adrenoceptors on the secretion of ACTH. This was done by examining the
effects of peptide antagonists on the ACTH response to methoxamine in the
rat in vivo (Page 126) . The rat was chosen as an experimental model in
view of the absence of toxicological data on the peptide antagonists in
humans. The ACTH response to methoxamine was reduced by a vasopressin
antagonist but not by an equipotent dose of a CRF-41 antagonist. This
suggested that vasopressin is more important than CRF-41 in mediating the
ACTH response to activation of alpha-1 adrenoceptors. However, CRF-41
appears to play a role in this response,

as the combination of both

antagonists caused a further statistically significant decrease in the
ACTH response to methoxamine.

Figure 57 (Page 200) is a schematic

representation of a proposed hypothetical model of the relationship
between the noradrenergic, vasopressinergic and CRF-41 neurones that
control the secretion of ACTH. A possible mechanism for the involvement
of CRF-41 may be that the peptide is released from the hypothalamic
neurones in which CRF-41 and vasopressin are colocalised;

in normal rats,

all the parvocellualr vasopressin neurones contain CRF-41 but only half
the CRF-41 neurones contain vasopressin (Whitnall et a l , 1985 & 1987).
Alternatively,

activation of alpha-1 adrenoceptors may stimulate CRF-41

neurones but the threshold of their response may be higher than that of
the vasopressin neurones. This could be due to differences in the firing
properties or in the relative density of the alpha-1 adrenoceptors on the
CRF-41 and vasopressin neurones.

It is possible that as the intensity of

the adrenergic stimulus increases,

CRF-41 neurones may be recruited,

resulting in an increase in the concentration of this peptide in portal
plasma (Plotsky,

1987). This may explain why some investigators have been

able to reduce the ACTH response to noradrenaline with CRF-41 antiserum
(Szafarczyk et a l , 1987; Takao et a l , 1988). Because of their non-

selective pharmacological profiles, adrenaline and noradrenaline may
stimulate CRF-41 secretion by activating adrenergic receptor subtypes
other than the alpha-1 class;

in the rat, activation of beta

adrenoceptors may stimulate ACTH secretion via an increase in the release
of CRF-41

(Tilders et al, 1986; Szafarczyk et a l , 1987; Tsagarakis et a l ,

1988; Widmaier et a l , 1989; Hillhouse & Milton,

1989).

The source of the vasopressin that stimulates the secretion of ACTH in
response to alpha-1 adrenoceptor activation

may be the parvocellular

neurones of the paraventricular nucleus via

the portal circulation,

or

from the magnocellur neurones and the posterior pituitary via the short
portal vessels

(Oliver et a l , 1977). The suggestion that vasopressin

secreted by the posterior pituitary may stimulate the secretion of ACTH
is supported by the finding that hypertonic saline augments the ACTH
response to CRF in the rat and in man (Yates et a l , 1971; Milsom et a l ,
1985; Rittmaster et a l , 1987). Thus, alpha-1 adrenoceptors may activate
neurones that secrete CRF-41, vasopressin or CRF-41 and vasopressin
(Figure 57). The findings reported on Page 126 make it likely that
activation of alpha-1 adrenoceptors results in dynamic changes in the
secretion of vasopressin, but that the presence of CRF-41 in portal
plasma is important for amplifying the effects of these changes on the
secretion of ACTH.

The combination of both antagonists reduced

the ACTH response to

methoxamine by 63% (Page 126). The residual

effect may have been due

to

incomplete receptor blockade or to the secretion of other proposed
hypothalamic releasing factors (see Introduction,

Page 19). As only

approximately one third of the ACTH release in response to methoxamine
persisted following pretreatment with both antagonists,

it is suggested

that any part played by these other factors is likely to be a minor one.

One of these factors may be oxytocin, which is colocalised with CRF-41 in
some hypothalamo-neurohypophysial neurones (Burlet et a l , 1983; Dreyfuss
et a l , 1984) and synergises with CRF-41 (Vale et a l , 1983). The
vasopressin antagonist used in the experiments described in this thesis
(dPTyrMeAVP) has some anti-oxytocinergic activity (Bankowski et a l , 1978)
and a role for oxytocin in mediating the ACTH response to alpha-1
adrenergic stimulation cannot be discounted. However, vasopressin is
likely to be far more important than any involvement by oxytocin,

as the

oxytocinergic neurones are sparsely innervated with noradrenergic
neurones

(McNeill 6c Sladek,

1980; Sawchenko 6c Swanson,

1982).

This experiment (Page 126) emphasises that the hypothalamus controls ACTH
secretion by a multifactor complex and not by a single releasing factor.
This should be taken into consideration in interpreting the data from
experiments that have examined the effects of the catecholamines on the
secretion of CRF-41 immunoreactivity, as opposed to bioactivity or the
final common path of secretion of ACTH or corticosteroids.

Eckland et al (1988b) found that central injection of 6 -hydroxydopamine
reduced the portal plasma concentrations of CRF-41 but not vasopressin in
anaesthetised rats with transected pituitary stalks. This suggests that
the central catecholaminergic stimulation of vasopressin secretion may
not be present tonically. Comparisons with the experiments reported on
Page 126 are difficult because of the unknown effects of anaesthesia and
stalk transection in Eckland's studies.

Further,

there was only a partial

reduction of hypothalamic noradrenaline by the 6 -hydroxydopamine, and the
effects on posterior pituitary vasopressin were not examined.

In conclusion,

following intravenous infusion of methoxamine, brain

alpha-1 adrenoceptors are activated,

resulting in activation of

v a s o p r e s s i n neurones and an increase in the secretion of ACTH.

5. Assessment of the behavioural effects of activating adrenergic systems
In view of the prominent behavioural effects of some drugs that act on
the adrenergic system,

such as the amphetamines,

the effects of the

manipulations employed in this thesis on behavioural arousal were
recorded. Visual analogue scales were used for this purpose and their
sensitivity to physiological changes in behavioural arousal was
demonstrated (Page 86). In man, stimulation of ACTH secretion by
methoxamine and by activation of endogenous catecholamine systems was not
accompanied by
175 & 185).

any demonstrable effect on behavioural

In addition,

arousal (Pages 100,

following the administration of the

antihistamine chlorpheniramine,

the subjects fell asleep but the cortisol

response to methoxamine was unaffected (Page 97). These findings suggest
that the ACTH response to activation of alpha-1 adrenoceptors is not
mediated by alterations in the state of behavioural arousal.
no behavioural

stimulation was observed following the

In the rat,

central infusion of

methoxamine (Page 105), consistent with previous observations using
similar doses of the drug injected into the lateral cerebral ventricle in
the rat (Drew et a l , 1979;

Segal & Geyer,

1976). When the drug is given

in doses at least 1000 times larger than the highest dose used in this
experiment,
1976).

it causes an increase in locomotor activity (Segal & Geyer,

In the rat, as in man,

the stimulation of ACTH secretion by

methoxamine occurs in the absence of behavioural stimulation.

Figure 57

Proposed model of the relationship between the alpha-1 adrenoceptors,
vasopressinergic and CRF-41 neurones that stimulate ACTH secretion.
A lpha-1 adrenoceptors are locat.ed on neurones that secrete CRF-41,
vasopressin,

and CRF-41 and vasopressin. The findings reported on Page

126 make it likely that activation of alpha-1 adrenoceptors results in
dynamic changes in the secretion of vasopressin, but that the presence of
CRF-41 in portal plasma is important for amplifying the effects of these
changes on the secretion of ACTH.
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I I I

THE EFFECTS OF CIRCULATING CATECHOLAMINES ON THE SECRETION
OF ACTH IN MAN AND INTERACTION WITH CRF-41

These experiments were carried out to investigate whether the secretion
of ACTH may be modulated by blood born catecholamines, as was originally
suggested by Long (1947). Other investigators had also suggested that
adrenomedullary secretion of adrenaline during stress may stimulate ACTH
secretion by enhancing the action of CRF-41 (Vale et a l , 1983; Giguere et
a l , 1983). On the basis of their findings in cultured rat
adenohypophysial cells in vitro, Murakami et al (1984) suggested that
hypothalamic production of dopamine may reduce the activity of CRF-41.

1. Adrenaline
Infusion of adrenaline in normal subjects had no stimulant effect on ACTH
or cortisol secretion basally or following the injection of CRF-41, even
though the response to the 25 ug dose of CRF-41 was submaximal and
therefore capable of further enhancement (Page 131). The plasma
adrenaline concentrations achieved during the adrenaline infusions were
at the upper limit of the range that has been observed in normal subjects
and patients in a variety of physiological and pathological situations,
such as cold exposure (Robertson et a l , 1979), near maximal exercise
(Grossman et a l , 1984), acute myocardial infarction (Christensen &
Videbaek,

1974),

in patients in an intensive care unit (Wortsman et a l ,

1984) and in septicaemic patients who are not shocked (Benedict &
Grahame-S m i t h , 1978; Table 10, Page 205). The adrenaline infusions were
accompanied by the expected metabolic and cardiovascular changes

(Page

131). Higher concentrations of plasma adrenaline are observed only in
extremes of pathological situations,

such as impending death (Wortsman et

a l , 1984) or severe septicaemia with shock (Benedict & Grahame-Smith,
1978) , and following the pharmacological stimulus of insulin
hypoglycaemia (Grossman et a l , 1986a).

It is therefore concluded that in

man, circulating adrenaline has no physiological role in stimulating ACTH
secretion either basally or in the presence of CRF-41. This conclusion is
compatible with the previous findings that peripheral alpha and beta
adrenergic stimulation with noradrenaline, prenalterol and salbutamol was
not associated with activation of the pituitary adrenal axis (Pages 108
and 113). Adrenaline does not enhance the stimulant action of vasopressin
on ACTH secretion either (Jackson et a l , 1987).

Muller-Hess et al (1974) and Clutter et al (1980) also found that
adrenaline infusions did not stimulate cortisol secretion.

The finding

by Muller-Hess et al (1974) that adrenaline infusions inhibited cortisol
secretion during insulin-induced hypoglycaemia was probably secondary to
the attenuation of the hypoglycaemic effect of insulin by adrenaline.
Earlier studies examined the effects of adrenaline infusions on various
indirect indices of cortisol secretion,

such as the eosinphil count

(Recant et a l , 1950; Ely et a l , 1954; Hunter et a l , 1955),
1 7 -hydroxycorticosteroids

(Sandberg et a l , 1953; Ely et a l , 1954; Hunter

et a l , 1955; Arner et a l , 1963) and various early ACTH bioassays
(Vernikos-Danellis & Marks, 1962; Vance & Shioda,

1964) with conflicting

results.

While this experiment makes it unlikely that peripheral circulating
adrenaline exerts a major stimulant effect on ACTH secretion in man, the
possibility that the pituitary gland is exposed to somewhat higher
concentrations of adrenaline directly secreted into portal blood must be
considered. The evidence behind this suggestion and the difficulties in
interpretation have already been considered (see Introduction,

Page 37).
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Nevertheless,

since the mammalian adenohypophysis does not receive a

catecholaminergic innervation (Bjorklund et a l , 1967; Saavedra et al,
1975),

it appears unlikely that the anterior pituitary is exposed to much

higher concentrations of adrenaline than is found in peripheral plasma.

In the earlier experiment reported on Page 108, a peripheral
noradrenaline infusion that increased systolic blood pressure by 25%
caused a significant inhibition of cortisol secretion in comparison to
placebo. This suggested that peripheral adrenoceptor activation or
increase of blood pressure per se may inhibit ACTH secretion. The finding
in this experiment (Page 131) that the rate of rise of ACTH and cortisol
following a submaximal dose of CRF-41 was slowed by an infusion of
adrenaline suggests that the site of action of the inhibitory effect may
be at the level of the corticotrophs or the median eminence. A possible
mechanism for this effect of adrenaline may be inhibition of secretion of
endogenous vasopressin, which acts synergistically with CRF-41 (Gillies
et a l , 1982).

Inhibition of vasopressin secretion by noradrenaline

infusions has been demonstrated in man (Shimamoto & Miyahara,

1976).

The likely explanations for the differences between the effects of
adrenaline on the response to CRF-41 in man and on rat adenohypophysial
cells in vitro are discussed below.

2. Dopamine
The dopamine infusion had no significant effect on the hormonal responses
to CRF-41

(Page 139) . Dopamine was given in doses that exerted several

biological effects and the concentrations achieved in plasma were within
the range that has been recorded in hypophysial portal plasma in
experimental animals. A submaximal dose of CRF-41 was used as a modest
modulatory effect by dopamine might not be apparent if maximal doses of

the peptide had been given. However,

the reported attenuation by dopamine

of the stimulant action of CRF-41 on cultured rat adenohypophysial cells
in vitro (Murakami et al, 1984) is not demonstrable in man.

The small reduction of ACTH concentrations during the infusion of
dopamine alone may have been mediated by the rise in plasma noradrenaline
concentrations,

as a similar effect was observed during peripheral

adrenoceptor activation with adrenaline and noradrenaline (see Results,
Page 108 and Page 131).

Approximately 25 % of infused dopamine is

converted into noradrenaline and its metabolites in man (Goodall & Alton,
1968).

In contrast to these findings, Levinson et al (1985) and Connell

et al (1986) found no significant changes in plasma cortisol
concentrations following dopamine infusions at rates of 1-3 ug/kg/min.
Plasma ACTH concentrations were not measured in those studies. Other
studies on the effects of dopamine on cortisol secretion in man are
difficult to interpret in view of the lack of suitable controls (Wilcox
et a l , 1975; Leebaw et a l , 1978).

The mechanism of the small inhibition of ACTH secretion by dopamine was
not investigated any further. Any effect of dopamine on ACTH secretion is
likely to be either in the periphery or directly on the pituitary or the
median eminence,

as this amine does not cross the blood brain barrier

following peripheral administration (Oldendorf, 1971). Dopamine has been
reported to have no direct effect on the secretion of the POMC-derived
peptides by human fetal adenohypophysial cells in vitro (Gibbs et a l ,
1982) .

TABLE 10: Plasma adrenaline concentrations in man from published reports.

Condition

Plasma adrenaline

Reference

(mean maximum + SEM, nmol/1)
Resting supine

0.17 + 0.05

Erect

0.25 + 0.07

Erect, low sodium diet

0.25 + 0.08

Cold pressor test

0.30 + 0.05

Near maximal exercise

1.17 + 0.2

Robertson et al,1979

Grossman et al,1984

(80% of maximum oxygen consumption)
Insulin tolerance test

5.36 + 0.8

Grossman et al,1986a

Acute Myocardial infarction

1.0

Christensen,

+ 0.19

1974

+ 0.36

Wortsman et al,1984

Septicaemia without shock

1.60 + 0.47

Benedict et al,1978

Septicaemia with shock

7.04 + 1.18

Intensive care unit patients

Impending death

0.83

60.95 + 0.47

(cardiac arrest)
This Thesis

(Page 131)

4.33 + 0.82
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IV

PHYSIOLOGICAL SIGNIFICANCE OF THE STIMULANT ALPHA-1 ADRENOCEPTORS

1. Investigation of the possible antihistaminic effects of thymoxamine
in man
This experiment (Page 144) investigated whether the antihistaminic action
of thymoxamine reported in vitro is demonstrable in the doses used
clinically.

The bronchoconstrictor effect of histamine was inhibited by the H^
antihistamine chlorpheniramine, confirming that it was mediated by an H^
histaminic effect.
bronchoconstriction,

Thymoxamine did not attenuate histamine induced
suggesting that the previously observed H^

antihistaminic effect in vitro is not relevant in man,
clinically.

in the doses used

The dose of thymoxamine used in this study produces

effective blockade of alpha-1 adrenoceptors (Al-Damluji et a l , 1987 a-c).

There was a small enhancement by thymoxamine of the bronchoconstrictor
action of histamine. The mechanism of this action may be due to
bronchoconstrictor alpha-1 adrenoceptor activation by endogenous
catecholamines,

released as a reflex effect to thymoxamine-induced

vasodilatation (Mathe et a l , 1971). Pretreatment with propranolol would
be expected to block the bronchodilator effects of the released
catecholamines, but the blockade of bronchial alpha-1 adrenoceptors with
thymoxamine may have been incomplete. An effect of thymoxamine on the
metabolic clearance of histamine is also possible.

Investigations of the interaction of alpha adrenoceptor antagonists and
histamine in asthamatic patients have yielded conflicting results.

Kerr

et al (1970) found that intravenous injections of phentolamine and
phenoxybenzamine inhibited the bronchoconstrictor response to intravenous
histamine in asthmatic subjects, but Pegelow (1974) could not confirm
these findings using inhaled phentolamine.

The effects of phentolamine

and phenoxybenzamine are difficult to interpret in view of their multiple
actions;

in addition to their antihistaminic effects,

the alpha-2

antagonist activity of phentolamine in particular may release endogenous
catecholamines, resulting in bronchodilatation by activating bronchial
beta adrenoceptors, which are not blocked by these two antagonists.
Phentolamine does not inhibit the bronchoconstrictor effects of histamine
on human bronchial muscle in vitro (Mathe et a l , 1971), confirming that
the effects of phentolamine in vivo may be exerted indirectly, possibly
via alpha-2 adrenoceptors.

Thymoxamine does not have significant alpha-2

adrenoceptor antagonist activity (Drew,
antagonism causes vasodilatation,

1976), but alpha-1 adrenoceptor

resulting in release of catecholamines.

Thus the findings by previous investigators that thymoxamine attenuated
the bronchoconstrictor effects of inhaled histamine may be explicable on
the basis of release of endogenous catecholamines caused by the
vasodilatation following the administration of thymoxamine,

that is

apparent on examining their data (Gaddie et a l , 1972; Bianco et a l ,
1972). This problem was avoided in this study by pretreating the subjects
with propranolol to block the bronchodilator effects of endogenous
catecholamines.

In conclusion,

thymoxamine is a selective alpha-1 adrenoceptor antagonist

that should be suitable for studies on adrenergic mechanisms in man.

2. The effects of alpha adrenergic manipulations on the 24 hour pattern
of cortisol secretion in man.
The finding that cortisol secretion during waking hours is increased by

continuous infusions of methoxamine and reduced by thymoxamine (Page 150)
suggests the existence of an alpha-1 adrenoceptor mechanism that is
responsible at least in part for the maintenance of the activity of the
hypothalamo-pituitary adrenal axis during waking hours in man. Previous
studies had demonstrated that the changes in cortisol secretion after
alpha-1 adrenoceptor stimulation depend on modulation of ACTH release
(see Results,

Pages 90, 93 and 100). No important side effects or

haemodynamic changes were observed to account for the differences in
cortisol concentrations between the two drugs and saline. Thymoxamine
infusion was associated with a slightly faster mean heart rate than was
saline infusion as might be expected from peripheral alpha-1 adrenoceptor
antagonism,

although the differences were not statistically significant.

If peripheral vasodilator effects of thymoxamine,
effects were involved,

rather than any central

there would be an increase in cortisol secretion,

since hypovolaemia is a potent stimulus to ACTH release (Egdahl,
Gann & Egdahl,
seen,

1965); however,

1961;

attenuation of cortisol secretion was

suggesting that any cardiovascular effects of this drug were

unimportant.

Thymoxamine has no effect on cortisol half life or the

adrenal responsiveness to intravenous injections of ACTH in man (Rees,
1972) so it is unlikely that the observed effects are caused by
alterations of blood flow or metabolic clearance.

In contrast to the findings during waking hours,

the alpha adrenergic

manipulations exerted no significant effect on the nocturnal surge of
cortisol secretion,
mechanisms

suggesting that this is mediated by non-adrenergic

(Page 150). In support of this conclusion are the findings

that agents that deplete brain noradrenaline such as reserpine,
6 -hydroxydopamine and alpha methyl paratyrosine do not abolish the
nocturnal surge of corticosteroid secretion in cats and rats (Krieger &
Rizzo,

1969; Abe and Hiroshige, 1974). Szafarczyk et al (1985) found that

stereotaxic injections of 6 -hydroxydopamine into the ventral
noradrenergic bundle of the rat that resulted in a reduction of
hypothalamic noradrenaline were accompanied by abolition of the circadian
rhythm of plasma ACTH, but unfortunately,

the effects of these lesions on

the concentrations of other hypothalamic neurotransmitters were not
assessed. Atropine and cyproheptadine have been found to attenuate the
nocturnal rise of corticosteroid secretion in cats and in man and these
findings have been interpreted as evidence for involvement of cholinergic
and serotonergic mechanisms in the nocturnal activity of the
hypothalamo-pituitary adrenal axis (Krieger et al, 1968; Krieger & Rizzo,
1969; Chihara et a l , 1976). An alternative explanation,

that the alpha-1

adrenoceptors had become desensitised following several hours of exposure
to the agonist and antagonist seems unlikely in view of persistence of
the bradycardia that was associated with the methoxamine infusion.

This

indicates continued responsiveness of the peripheral vascular alpha-1
adrenoceptors to the agonist throughout the study.

3. The role of alpha-1 adrenoceptors in the cortisol response to feeding
These experiments demonstrated that the food-induced cortisol secretory
surge was preceded by an ACTH surge, and that the source of the ACTH was
the pituitary, rather than the gastrointestinal tract (Page 155). Food
ingestion was therefore considered a suitable physiological model of ACTH
secretion.

The finding that ACTH and cortisol secretion is clearly reduced by
thymoxamine suggests that food-induced ACTH secretion is mediated at
least in part by alpha-1 adrenoceptors (Page 155). After the ingestion of
lunch, plasma ACTH and cortisol concentrations were higher during the
methoxamine infusion than during saline,

suggesting that methoxamine

enhanced the hormonal responses to food ingestion; however,

the ACTH and

cortisol concentrations before eating were already somewhat higher during
the methoxamine infusion than during saline, because of the stimulant
action of methoxamine on ACTH secretion. The drugs exerted no effect on
blood pressure and no side effects were observed.

Neither drug interfered with nutrient absorption;

it is therefore

unlikely that the effects of these adrenergic manipulations on
food-induced ACTH secretion are exerted on the gastrointestinal tract
(Page 155).

The mechanisms mediating post-prandial cortisol secretion are obscure.
The human stomach and pancreas contain immunoreactive CRF (Kruseman et
a l , 1982 & 1984; Petrusz et a l , 1983; Suda et a l , 1984), but there is no
detectable rise in immunoreactive CRF in plasma following lunch ingestion
in normal human subjects (Cunnah et a l , 1986). Feeding increases
noradrenaline turnover in some parts of the rat hypothalamus
McCaleb,

(Myers and

1980) and it is possible that this may be the stimulus to

food-induced ACTH secretion via alpha-1 adrenoceptors

(Page 155).

In

man, dietary protein is more potent in stimulating cortisol secretion
than fat or carbohydrate (Slag et a l , 1981;

Ishizuka et a l , 1983) and

dietary amino acids may stimulate cortisol secretion (Modlinger,
Ishizuka et a l , 1983).

1980;

It is possible that the mechanism of food-induced

cortisol secretion may be by conversion of dietary amino acids to
neurotransmitter amines. However,

this is unlikely to be the only

mechanism in man, as fasting does not completely abolish the mid-day
cortisol surge and small but definite cortisol responses are observed
when normal subjects are presented with food which they are not allowed
to ingest (Quigely 6c Yen, 1979; Follenius et a l , 1982). This suggests the
involvement of neural or behavioural mechanisms which may be independent
of nutrient absorption.

Ingestion of a standard meal evokes a more marked

cortisol response at mid-day than in the morning or evening (Follenius et
a l , 1982) but the cause of this is unclear.

It is possible that food

ingestion may enhance an endogenous neural stimulus, possibly related to
a circadian clock that is more active at mid-day than in the morning or
evening. The results of these experiments (Page 155) suggest that this
may be an adrenergic signal in the central nervous system.

4. The adrenocortical response to hypoglycaemia.
Thymoxamine accelarated the circadian fall in plasma cortisol
concentrations seen during the placebo infusion (Page 163) , which is
compatible with the role of alpha-1 adrenoceptors in maintaining cortisol
secretion during waking hours

(Page 150). However,

this biologically

effective dose of thymoxamine had no effect on the cortisol response to
hypoglycaemia, providing no evidence for a role for alpha-1 adrenoceptors
in mediating this response (Page 163). This conclusion is compatible with
the results of other studies that employed less selective alpha
antagonists

(Nakagawa et al, 1971; Jacobs et a l , 1973; Rizza et a l ,

1979). Most investigators have found that the adrenocortical response to
hypoglycaemia in man and in the rat is unaltered by beta adrenoceptor
blockade either (Abramson et a l , 1966; Clarke et a l , 1979; Rizza et a l ,
1979; Jezova et a l , 1987). Recently,

the ACTH response to hypoglycaemia

in man was found to be unaltered by alpha-2 adrenoceptor blockade,
confirming that catecholamines are unlikely to play a major role in this
pharmacological response (Cuneo et a l , 1989).

It therefore appears that alpha-1 adrenoceptors mediate some, but not all
stimuli to ACTH secretion in man.

PART

V

THE EFFECTS OF ENDOGENOUS CATECHOLAMINES ON THE SECRETION
OF ACTH IN MAN

Many adrenergic receptors in the brain are not innervated or regulated by
catecholaminergic neurones and their physiological significance is
unknown (see Introduction,

Page 39). This series of experiments aimed to

examine whether ACTH secretion can be elicited by activation of
endogenous catecholaminergic systems, as was seen following
administration of the exogenous agonist methoxamine.

1. The effects of tyrosine on the secretion of ACTH: dose-response study.
The catecholamine precursor tyrosine did not stimulate ACTH secretion
when given in physiological or supraphysiological doses in man (Page
169). Analysis of the concentration relationships of tyrosine to its
competitor amino acids suggested that the doses of tyrosine should have
increased the uptake of tyrosine across the blood brain barrier. The ACTH
response to feeding is therefore unlikely to be due simply to the
ingestion of dietary tyrosine and its subsequent conversion to
catecholamines.

Ishizuka et al (1983) reported that tyrosine had a small

stimulant effect on the secretion of cortisol, but they did not report on
the statistical significance of their data. The finding by Reinstein et
al (1985) that rats fed on a high tyrosine diet had smaller plasma
corticosterone and behavioural responses to electric shocks is presumably
attributable to the increased tolerance to stress.

2. The effects of alpha-2 adrenoceptor blockade on the actions of
tyrosine
This study (Page 175) aimed to examine whether the lack of effect of

tyrosine on noradrenaline and ACTH secretion could be due to activation
of alpha-2 adrenoceptors that inhibit noradrernaline release.

In the dose used in this study,

idazoxan abolishes the sedative action of

the alpha-2 adrenoceptor agonist clonidine in man,

indicating that it

exerts significant alpha-2 adrenoceptor antagonist activity in the
central nervous system (Clifford et a l , 1985).
in this study,
pressure,

When administered alone

idazoxan caused a small increase in systolic blood

confirming that it was administered in a biologically effective

dose, but the drug had no effect on plasma noradrenaline concentrations,
presumably because the latter represents a spill-over of noradrenaline
released from the peripheral sympathetic neurones.

The effectiveness of

an alpha-2 adrenoceptor antagonist is partly dependent upon the
concentration of noradrenaline at the receptor;

as noradrenaline release

from sympathetic neurones is minimal under basal circumstances,

this may

explain the relatively small changes in sympathetic activity observed in
this study.

Following pretreatment with idazoxan,

the administration of tyrosine

caused a significant increase in plasma noradrenaline concentrations,
indicating activation of the peripheral sympathetic nervous system, and
of plasma ACTH concentrations

(Page 175). On the basis of the previous

findings described in this thesis, the increase in the activity of the
hypothalamo-pituitary-adrenal axis represents an increase in
noradrenaline turnover in the central nervous system;

it has already been

demonstrated that activation of peripheral adrenoceptors with a
hydrophilic adrenoceptor agonist that does not cross the blood-brain
barrier causes no increase in pituitary-adrenal activity (see Results,
Page 108) .

The increase in plasma ACTH concentrations occured later than

in plasma noradrenaline, presumably reflecting the delay in the passage

of drugs across the blood brain barrier (Figure 50, Page 180).

These data

therefore demonstrate that, in the presence of alpha-2 adrenoceptor
blockade,

the administration of tyrosine results in an increase in the

rate of release of noradrenaline and secretion of ACTH.

Under basal conditions,

the administration of tyrosine to experimental

animals has no effect on noradrenaline turnover (Gibson & Wurtman,

1978;

Reinstein et al, 1984) and this is compatible with the findings in this
study.

In stressed animals,

the increased noradrenergic neuronal

discharge rate results in increased activity of the tyrosine hydroxylase
enzyme (Gordon et al, 1966) and the administration of tyrosine under
those conditions results in increased noradrenaline turnover (Gibson 6c
Wurtman,

1978;

Reinstein et a l , 1984). This may explain the findings by

some investigators of increased urinary catecholamine excretion rates
following the administration of tyrosine to ambulant human subjects,

in

whom sympathoadrenal discharge is presumably increased in response to the
upright posture (Agharanya et a l , 1981).
small,

Rasmussen et al (1983)

found a

transient increase in plasma catecholamine concentrations

following the administration of tyrosine in the afternoon in five out of
six subjects,

and it is possible that this may be related to the ciradian

increase in catecholamine turnover in the afternoon (Wilkes et a l , 1981).

The lack of effect of tyrosine on noradrenaline turnover under basal
conditions may be due partly to feedback inhibition of the tyrosine
hydroxylase enzyme (which converts tyrosine to dihydroxyphenylalanine,
L-DOPA) by the products of the catecholamine synthesis pathway,

as the

administration of tyrosine to animals pretreated with a DOPA
decarboxylase inhibitor results in higher brain concentrations of L-DOPA
(Wurtman et a l , 1974;

Carlsson 6c Lindqvist,

1978).

The results of this

experiment (Page 175) demonstrate that the lack of effect of tyrosine

under basal conditions is partly due to the activation of alpha-2
adrenoceptors, which inhibit noradrenaline release. Whether idazoxan in
the doses used in man has an effect on the activity of the tyrosine
hydroxylase enzyme is unknown. David et al (1974) found that in mice
pretreated with a monoamine oxidase inhibitor, a large proportion of an
administered dose of tyrosine was converted to tyramine by
decarboxylation of the amino acid, but their data were not confirmed by
other investigators (Tallman et a l , 1976). Release of noradrenaline by
tyramine is an unlikely explanation for the findings in this experiment,
as tyrosine on its own had no effect on plasma noradrenaline
concentrations.

Conversion of tyrosine to noradrenaline seems the most

likely explanation for these findings, although the experimental evidence
regarding this is not available yet.

The combination of tyrosine and idazoxan caused no subjective side
effects,

sensations or evidence of behavioural arousal,

confirming that

the subjective sensations associated with the higher doses of the alpha-1
adrenoceptor agonist methoxamine were unlikely to be responsible for the
activation of the hypothalamo-pituitary adrenal axis (see Results,

Pages

93 and 97).

3. The effects of combined blockade of opioid and alpha-2 adrenergic
receptors on ACTH secretion in man.
Combined blockade of alpha-2 and opioid receptors provided another
potential method for activating endogenous catecholamines in man (Page
185) .

The efficacy of an alpha-2 adrenoceptor antagonist is partly dependent
upon the concentration of noradrenaline at the receptor (Enero & Langer,
1973; Enero,

1984);

as noradrenaline release from sympathetic neurones is

minimal under basal circumstances,

this may explain the relatively small

changes in peripheral sympathetic activity and the lack of effect on ACTH
secretion under basal conditions. In contrast, yohimbine increases
hypothalamic noradrenaline turnover and ACTH secretion in rats subjected
to intraperitoneal injections and decapitation, presumably reflecting the
stressful effects of these procedures (Smythe et a l , 1983 & 1984).
Alpha-2 adrenoceptors are therefore not involved in the regulation of
ACTH secretion in recumbant human subjects under basal conditions. The
observation that the alpha-2 adrenoceptor agonist clonidine had no
inhibitory action on cortisol secretion in human subjects under similar
conditions

(Grossman et a l , 1987) is compatible with this interpretation.

Small reduction of cortisol secretion (Lanes et a l , 1983; Baranowska et
a l , 1985) and lack of effect on beta endorphin concentrations

(Farsang et

a l , 1983) have also been reported following administration of clonidine
in man.

Under conditions of increased noradrenergic neuronal activity,
presynaptic and postsynaptic alpha-2 adrenoceptors can be expected to be
activated,

thus limiting noradrenaline release and the firing rate of the

target hypothalamic neurone.

Blockade of these alpha-2 receptors would be

expected to remove these inhibitory actions and this presumably accounts
for the enhancement of the action of naloxone by idazoxan in this study.
It is concluded that while alpha-2 adrenoceptors are not involved in the
control of ACTH secretion under basal conditions,

their inhibitory action

becomes important when ACTH secretion is stimulated.

In a study of the behavioural effects of combined opioid and alpha-2
adrenoceptor blockade, Charney & Heninger (1986) found that yohimbine
enhanced the stimulant effect of naloxone on the secretion of cortisol.
This experiment (Page 185) confirms and extends their findings by the use

of a more selective alpha-2 adrenoceptor antagonist and measurement of
plasma ACTH concentrations.

Charney & Heninger (1986) also reported that

the combination of naloxone and yohimbine had an anxiogenic effect. Those
findings were not confirmed in this experiment. These differences may be
attributable to the larger dose of naloxone (1 mg/kg) used by Charney &
Heninger or to actions of yohimbine on non-adrenergic mechanisms.

It is interesting that the positive interaction between alpha-2 and
opioid antagonists was observed only on the secretion of ACTH but not on
the peripheral sympathetic nervous system,

as assessed by changes in

heart rate, blood pressure and plasma catecholamine concentrations. This
is despite the fact that these drugs were administered intravenously,
which would presumably result in higher concentrations at peripheral than
at central sites.

It therefore appears that in man,

the interaction of

alpha-2 and opioid mechanisms may operate in the central nervous system
but not in the periphery.

This requires further investigation. While the

action of naloxone appears to be exerted on the central adrenergic
system,

activation of opioid receptors with exogenous agonists or by

endogenous opioids under stimulated conditions may inhibit ACTH secretion
at sites that are 'downstream'

from the adrenergic system.

Thus,

exogenous opioid agonists inhibit the ACTH response to CRF-41 in man and
it has been suggested that this may be due to inhibition of the secretion
of endogenous vasopressin, which acts synergistically with CRF-41
(Rittmaster et a l , 1985; Grossman et a l , 1986b). Higher doses of naloxone
are required to increase ACTH concentrations in the rat than in man, but
the reason for this apparent species difference are unclear (Siegel et
a l , 1982; Buckingham & Cooper,

1986).

The suggestion that alpha-2 adrenoceptors inhibit ACTH responses may
account for some of the findings of previous investigators that central

noradrenergic mechanisms may inhibit the hypothalamo-pituitary adrenal
axis. Thus,

In the anaesthetised dog undergoing laparotomy,

cerebroventricular injections of the alpha-2 adrenoceptor agonists
adrenaline, noradrenaline and clonidine inhibited adrenocortical activity
(Van Loon et al, 1971; Ganong et a l , 1976; Ganong et al, 1982). The
inhibitory action of clonidine was abolished by phenoxybenzamine and
yohimbine, which are antagonists at alpha-2 adrenoceptors

(Ganong et a l ,

1976; Reid et a l , 1984). It is therefore possible that cerebroventricular
noradrenaline injections may exert different effects on ACTH secretion,
depending on whether the hypothalamo-pituitary adrenal axis and the
central adrenergic systems are stimulated or quiescent; under basal
conditions, noradrenaline stimulates ACTH secretion by activation of
alpha-1 adrenoceptors, whereas during stress,

activation of alpha-2

adrenoceptors inhibits ACTH secretion. The observation that the alpha-2
agonist guanfacine reduces the ACTH response to hypoglycaemia in man
(Lancranjan et a l , 1979) is compatible with this interpretation. As post
synaptic alpha-2 adrenoceptors are found on the hypothalamic neurones
that regulate the secretion of ACTH,

it is likely that administration of

an alpha-2 adrenoceptor agonist will reduce the ACTH response to most
stimuli that involve the hypothalamus,

regardless of whether they are

mediated by central adrenergic neurones.

In summary,

this experiment (Page 185) suggests that while alpha-2

adrenoceptors are not involved in the regulation of the
hypothalamo-pituitary adrenal axis under basal conditions in man,

their

inhibitory action becomes important when ACTH secretion is stimulated.
The interaction with the opioid antagonist also suggests that the two
inhibitory mechanisms

(opioid and alpha-2 adrenergic) act

'in series'

to

limit noradrenergic activity; when the inhibitory opioid tone is removed,
inhibitory alpha-2 adrenoceptors come into play.

Combined blockade of
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alpha-2 and opioid receptors should therefore be an effective method of
activating endogenous catecholamine systems.

Figure 58 is a model of the relationships of opioid, noradrenergic and
hypothalamic neurones, based on the data from this experiment.

Figure 58 Proposed model of the interaction of a lp h a - 2 adrenergic and

opioid mechanisms in the brain. Noradrenaline released from noradrenergic
neurones activates alpha-1 adrenoceptors on the hypothalamic neurones,
resulting in increased ACTH secretion. The activity of the noradrenergic
neurone is inhibited by opioid neurones in the brain stem and by ;
presynaptic alpha-2 adrenoceptors. The opioid neurones exert a tonic
inhibition, but the alpha-2 adrenoceptors are only activated when
noradrenaline release is increased. Under basal conditions,
noradrenaline is released,

little

so neither alpha-1 nor alpha-2 adrenoceptors

are activated. When the firing of the noradrenergic neurone is increased,
as when naloxone is administered, pre- and post-synaptic alpha-2
adrenoceptors are activated,

and these limit both the rate of

noradrenaline release and the firing of the hypothalamic neurone.
Combined blockade of opioid and alpha-2 adrenergic receptors should be an
effective method of activating noradrenergic neurones. This in turn
results in increased ACTH secretion via alpha-1 adrenoceptors.
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PART

V I

OVERVIEW OF THE ROLE OF CATECHOLAMINES IN THE CONTROL OF ACTH SECRETION

During the last fifty years,

the role of adrenergic mechanisms in the

control of secretion of ACTH has aroused much interest but interpretation
of the available data has been controversial.

In view of recent advances

in the understanding of the anatomy and physiology of catecholamine
systems and improvements in pharmacological and experimental techniques,
including the data presented in this thesis,

it has become possible to

offer explanations or alternative interpretations for some of the
apparently contradictory data. A clearer picture is emerging, although
hazy areas remain.

Several proposals have been made regarding the possible roles of
adrenaline and noradrenaline in the control of secretion of ACTH. These
will be reviewed in chronological order in the light of recent findings.

1.

The first proposal was that circulating adrenaline had a

physiological role in stimulating the secretion of ACTH.

In 1936, Selye

reported that adrenaline injections were followed by enlargement of the
adrenal cortex and involution of the thymus, and that the effect was much
reduced by prior hypophysectomy. He described this phenomenon as an
'alarm reaction'

to a toxic substance. However,

Long (1947) suggested

that 'stimulation of the elements of the autonomic nervous system with
concomitant release of epinephrine that occurs under a variety of
conditions appears to be a major factor in the activation of the
adrenotrophic secretion from the anterior lobe'.

Numerous studies were

carried out by early investigators who examined the effects of adrenaline
in man and in experimental animals, using indirect indices of

glu co co r t i c o i d secretion,
1950;

Ely et a l , 1954; Hunter et a l , 1955),

(Sandberg et a l , 1953;
1963)

such as the eosinphil count

(Recant et a l ,

1 7 -hydroxycorticosteroids

Ely et a l , 1954; Hunter et a l , 1955; Arner et a l ,

and various early ACTH bioassays (Vernikos-Danellis 6c Marks,

Vance 6c Shioda,

1964).

1962;

The results were not consistent, partly because of

the non-specific and insensitive bioassays that were used.

In a characteristically illuminating experiment,

Colfer, DeGroot and

Harris (1950) found that denervation of the adrenal glands did not alter
the glucocorticoid response to stress in the rabbit,

so they concluded

that the adrenal medulla played little part in the pituitary-adrenal
response to stress. However,

in recent years,

interest in the effects of

circulating adrenaline was revived and several groups have confirmed that
peripheral injections of beta adrenoceptor agonists stimulated the
secretion of

the POMC derived peptides from the anterior and the

intermediate lobes of the rat by a beta-2 adrenoceptor mechanism
(Berkenbosch et a l , 1981; Knepel et a l , 1982; Mezey et a l , 1983).

In the

rat, activation of beta-2 adrenoceptors results in hypotension, which is
a potent stimulus for ACTH secretion (Knepel et a l , 1982; Tilders et a l ,
1982).

It has recently become clear that the anterior pituitary ACTH

response to peripherally administered beta adrenoceptor agonists in the
rat is likely to be due to a peripheral reflex, possibly triggered by
hypotension,
firstly,

rather than being exerted directly on the pituitary;

in species such as man,

does not result in hypotension,

in whom beta adrenoceptor activation
intravenous infusions of beta

adrenoceptor agonists do not stimulate ACTH secretion (Al-Damluji et a l ,
1987 a 6t d; this thesis, Pages 108, 113 6c 131).

Secondly, peripheral

administration of beta adrenoceptor agonists does not stimulate ACTH
secretion in rats pretreated with capsaicin, which destroys peripheral
afferent nerve fibres but does not affect the central mechanisms involved

in the control of ACTH secretion (Lembeck 6c Amann,

1986; Amann 6c Lembeck,

1987). And thirdly, adrenaline does not stimulate ACTH secretion in rats
with lesions of the median eminence (Xu et a l , 1987). Mezey et al (1983)
reported that isoprenaline stimulated the secretion of ACTH in rats with
transected pituitary stalks, and they suggested that the drug may act
directly on the adenohypophysis. However, no hormonal evidence was given
of the completeness of the stalk transection,
or diabetes insipidus;

such as hyperprolactinaemia

it is likely that their animals retained the

hypothalamo-pituitary connection, as basal plasma ACTH concentrations
were not reduced and they had preserved ACTH responses to hypoglycaemia
(Mezey et a l , 1984b), which is a response that requires an intact
hypothalamo-pituitary unit (Jezova et a l , 1987).

The melanotrophs of the rat intermediate lobe possess beta-2
adrenoceptors, whose activation increases the secretion of the POMC
derived peptides,

including bioactive ACTH (Cote et a l , 1980; Tilders et

a l , 1981). This is in contrast to the lack of any stimulant action of
beta adrenoceptor agonists on freshly prepared rat adenohypophysial cells
(Vermes et a l , 1980). The stimulant action of beta-2 adrenoceptor
activation on the intermediate lobe may be physiologically relevant in
the responses of that lobe to some stressful stimuli in the rat
(Berkenbosch et al, 1983; Kvetnansky et al, 1987).

In attempting to

interpret in vivo experiments in rats, the possibility should be
considered that the source of ACTH secretion in response to beta
adrenoceptor activation may be the intermediate lobe. The intermediate
lobe is a vestigial organ in adult man.

There is disagreement on the effects of adrenaline and noradrenaline on
the secretion of the POMC derived peptides by rat adenohypophysial cells
in vitro. Neither amine stimulates the secretion of the POMC derived

peptides by freshly dispersed rat adenohypophysial cells or by whole
anterior lobes (Gillies & Lowry,
1980). However,

1978; Briaud et, 1979; Vermes et a l ,

in cultured cells, adrenaline and noradrenaline exert a

weak stimulant effect on the secretion of the POMC derived peptides, with
a half maximal effective concentration of 10 nmol/1 (Vale & Rivier,
Giguere et a l , 1981; Reisine et a l , 1983; Pettibone & Mueller,

1977;

1982). The

differences may be attributable to some deviation of the cultured cells
from normal,

such as up-regulation of adrenoceptors in the absence of

catecholamines in the culture medium; desensitisation of cultured
corticotrophs in the presence of catecholamines has been described (Denef
& B a e s , 1982; Heisler et a l , 1983). In vitro studies have also shown that
corticotrophs respond initially to beta adrenergic agonists, but that
this gradually disappears and is replaced by responsiveness to alpha
agonists

(Boyle et a l , 1988). This suggests that the expression or

coupling of the receptors to intracellular signalling mechanisms is
profoundly altered by the change from in vivo to in vitro conditions. The
physiological relevance of these studies is therefore unclear.

Damage to

the adrenoceptors by the dispersal procedure is an unlikely explanation
for the absence of a response in the freshly prepared adenohypophysial
cells,

as intermediate lobe cells prepared in an identical manner retain

their sensitivity to adrenoceptor activation (Jackson & Lowry,

1983),

as

do whole intermediate lobes (Briaud et a l , 1979).

Following the discovery of the structure of CRF-41,

interest was again

aroused in the direct effects of the catecholamines on corticotroph
function and it was proposed that adrenaline and noradrenaline may act as
physiological modulators of the action of CRF-41. The evidence for this
was based on the finding that both amines enhanced the stimulant action
of synthetic ovine CRF-41 on cultured rat adenohypophysial cells in vitro
(Vale et a l , 1983; Giguere & Labrie,

1983). However,

these observations

on cultured cells do not appear to be applicable to the physiological
situation in vivo,

as studies in man have revealed no enhancement of the

action of CRF-41 by elevations of plasma adrenaline and noradrenaline
concentrations into the upper limit of the physiological range (This
thesis,

Page 131; Al-Damluji et al, 1986 & 1987d; Milsom et a l , 1986).

It is now clear that in man, adrenaline and noradrenaline released into
the blood stream during sympathoadrenal activation are not responsible
for the accompanying increase in hypothalamo-pituitary adrenal activity.
Thus,

the adrenocortical response to glucopaenia (which is a potent

stimulus to adrenaline and noradrenaline secretion)

is unaffected by

combined alpha and beta adrenoceptor blockade (Rizza et a l , 1979),
preserved in patients with cervical cord transection,

and is

despite absence of

the peripheral catecholamine response (Brodows et a l , 1973). These
findings are compatible with the lack of a stimulant effect of adrenaline
and noradrenaline infusions on ACTH secretion under basal conditions in
man,

in whom the complicating factors of hypotension and a responsive

intermediate lobe are excluded (this thesis,

Pages 108 & 131; Wilcox et

a l , 1975; Al-Damluji et a l , 1987 a & d ) . In the rat, treatment with
guanethidine and enucleation of the adrenal medullae, which abolish the
circulating adrenaline and noradrenaline responses to immobilization
stress, have no effect on the ACTH response to that stimulus (Makara et
a l , 1986; Kvetnansky et a l , 1987). However,

the ganglion blocking agent

chlorisondamine reduced the ACTH responses to ether stress and
haemorrhage in the rat (Rivier & Vale,

1983; Plotsky et al, 1985a),

although this was not confirmed by other investigators
1985).

(Tilders et al,

It is possible that in the rat, some of the ACTH secreted in

response to haemorrhage may be derived from the intermediate lobe, which
is stimulated by circulating adrenaline.

Most of the available data in man and in the rat therefore suggest that
peripheral circulating adrenaline has no physiological role in
stimulating ACTH secretion from the adenohypophysis. This conclusion is
compatible with Harris'

interpretation 39 years ago, referred to above

(Colfer et a l , 1950). The possibility that adrenaline concentrations in
hypophysial portal plasma may be slightly higher than in the periphery
has been discussed (see Introduction,

2.

Page 37).

Following the discovery of the catecholaminergic tracts that

innervate the hypothalamus,
influences,

interest was drawn to central adrenergic

and it was proposed that activation of central alpha

adrenoceptors inhibits the hypothalamo-pituitary adrenal axis. At first
site, this proposal appears contrary to the data that suggest that
activation of central alpha-1 adrenoceptors stimulates the secretion of
ACTH. However,

it is possible to offer alternative interpretations of

those early data, which would be consistent with more recent reports. The
evidence for an inhibitory action of central alpha adrenoceptors on ACTH
secretion was based on the following experiments:
A.

In the 'maximally stressed' anaesthetised dog undergoing laparotomy,

cerebroventricular injections of noradrenaline and clonidine inhibited
adrenocortical activity (Van Loon et a l , 1971a; Ganong et al, 1976). The
inhibitory action of clonidine was abolished by the combined alpha-1 and
alpha-2 adrenoceptor antagonist phenoxybenzamine and by the relatively
selective alpha-2 antagonist yohimbine (Ganong et a l , 1976; Reid et al,
1984).

In the central nervous system, activation of alpha-2

adrenoceptors inhibits the firing rate of the target neurons (Cedarbaum
& Aghajanian,

1976).

In contrast to the inhibitory effect of

noradrenaline in the stressed dog, cerebroventricular administration of
noradrenaline stimulates adrenocortical activity in the rat under basal
conditions (Abe & Hiroshige,

1974; Kawa et a l , 1978).

It is therefore

possible that noradrenaline injections may exert different effects on
ACTH secretion,

depending on whether the hypothalamo-pituitary adrenal

axis and the central adrenergic systems are stimulated or quiescent.
Under basal conditions, noradrenaline stimulates ACTH secretion by
activation of alpha-1 adrenoceptors, whereas during stress,

activation

of alpha-2 adrenoceptors may inhibit ACTH secretion.

Studies were also carried out with the catecholamine precursor
L-dihydroxyphenylalanine (L-DOPA), but the interpretation is less clear.
L-DOPA was also found to inhibit adrenocortical activity during
laparotomy in the dog, but the effect was not blocked by phentolamine,
propranolol or pimozide,

suggesting that it was not mediated by alpha or

beta adrenoceptors or by dopaminergic receptors

(Van Loon et a l , 1971 b;

Ganong et a l , 1976). The effects of L-DOPA were blocked by
phenoxybenzamine (Ganong et a l , 1976) but it is unlikely that this
represents activation of alpha-1 adrenoceptors as no inhibition of the
adrenocortical response to stress was seen following the central
administration of the selective alpha-1 agonists methoxamine and
phenylephrine (Ganong et a l , 1982).

It is important to recall that

phenoxybenzamine has several complicated actions,

including inhibition

of neuronal and extraneuronal amine uptake (more potently than
phentolamine) which may be the mechanism by which it blocked the effects
of L-DOPA (Cubeddu et a l , 1974). Exogenously administered L-DOPA has
several non-adrenergic actions,

such as interference with the synthesis

and catabolism of brain serotonin (Bertler & Rosengren,

B.

Phentolamine,

1959b) .

an antagonist at alpha-1 and alpha-2 adrenoceptors,

increased adrenocortical activity under basal conditions in the rat, and
this was interpreted as demonstrating a tonic inhibitory noradrenergic
influence on the hypothalamo-pituitary adrenal axis (Scapagnini &

Preziosi,

1973). However, more recent investigations have shown that the

selective alpha-1 adrenoceptor antagonist prazosin has no stimulant
action on ACTH secretion in the rat (Proulx-Ferland et a l , 1982;
Szafarczyk et a l , 1987) or in man (this thesis, Page 100; Al-Damluji et
a l , 1989a). Because of its alpha-2 antagonist activity, phentolamine
increases noradrenaline turnover, which may result in increased ACTH
secretion by activation of incompletely blocked alpha-1 adrenoceptors.

C.

In some experiments,

depletion of catecholamine stores by peripheral

or cerebroventricular administration of catecholamine synthesis
inhibitors was followed by increased adrenocortical activity (Scapagnini
et a l , 1970,

1972 & 1975; Van Loon et a l , 1971c; Cuello et a l , 1974;

Mezey et a l , 1984a). The increased adrenocortical activity only lasts for
24 hours whereas the depletion of catecholamines lasts much longer
(Kaplanski et a l , 1972,
a l , 1974;

1973 & 1974; Ulrich & Yuwiler,

Cuello et a l , 1974; Krieger,

1973; Kumeda et

1975). The increase in

adrenocortical activity following the depletion of catecholamine stores
was interpreted as demonstrating a tonic inhibitory influence of a
central adrenergic system on the hypothalamo-pituitary adrenal axis.
However, we now know that in the hours following the administration of a
catecholamine synthesis inhibitor, noradrenergic neuronal activity is
increased rather than reduced (Smythe et a l , 1983 & 1985).

This preumably

results from reduced occupancy of the presynaptic alpha-2 adrenoceptors,
which inhibit noradrenaline release. This would explain the short lived
effect of the catecholamine synthesis inhibitors on the hypothalamopituitary adrenal axis, and would be compatible with more recent data
suggesting that activation of central adrenoceptors stimulates ACTH
secretion.

One of the commonly used catecholamine synthesis inhibitors,

6 -hydroxydopamine, has a prominent acute sympathomimetic effect,
releasing noradrenaline from the neurones prior to their destruction

(Kostrzewa 6c Jacobowitz,

1974).

This has not been taken into account in

interpreting its short lived stimulant effect on adrenocortical activity
Another problem in interpreting the early data is that depletion of
catecholamine stores is followed by a severe homeostatic disturbance,
including severe hypotension, which is a potent stimulus to ACTH
secretion (Gann et a l , 1978).

In the only study in which blood pressure

was recorded, hypotension preceded the increase in ACTH secretion
(Buckingham 6c Cooper,

1987).

In more recent studies, selective reduction

of hypothalamic adrenaline and noradrenaline contents by stereotaxic
injection of drugs into the ventral noradrenergic bundle and the
paraventricular nucleus of the rat has been followed by a reduction of
the activity of the hypothalamo-pituitary adrenal axis (Feldman et a l ,
19 8 4 6c 1986;
1 9 8 7 ) . This

Alonso et a l , 1986;

Szafarczyk et a l , 1985;

Guillaume et al

is compatible with the view that central adrenergic

mechanisms may stimulate ACTH secretion,

and that the increased

adrenocortical activity following the widespread depletion of
catecholamines may be the result of a generalised disturbance.

Many investigators examined the effects of reserpine on adrenocortical
activity.

In rats,

reserpine depleted the CRF-41 and vasopressin content

of the zona externa of the median eminence and caused a transient
stimulation of the secretion of ACTH and corticosterone (Montanari 6c
Stockham,

1962; Westerraann et a l , 1962;

et al,1981;

Scapagnini et a l , 1976;

Seybold

Bugnon et al, 1983; Tizabi et a l , 1985; Suda et a l , 1987).

The initial stimulation by reserpine was interpreted as being due to
removal of an inhibitory central adrenergic influence on ACTH secretion,
and the subsequent fall of adrenocortical activity was postulated as
being due to recovery of 'a small functional pool of noradrenaline'
(Scapagnini et a l , 1976). The actions of reserpine are complicated;

the

drug initially releases noradrenaline from the nerve endings (Kopin 6c

Gordon,

1962;

Sulser et a l , 1969), so the data may be interpreted on the

basis of stimulation of ACTH secretion by central catecholamines
released by reserpine, acting on stimulant alpha-1 adrenoceptors. Thus,
the increase in plasma corticosterone following an intravenous injection
of reserpine lasts for less than 24 hours, whereas the depletion of
noradrenaline lasts for over 4 days (Westermann et a l , 1962).
reserpine releases serotonin as well as catecholamines,

Further,

and the increase

in plasma corticosterone correlates better with changes in brain
serotonin than with noradrenaline (Westermann et a l , 1962). Another
complicating factor is the hypotensive action of this drug which was not
taken into account in these studies. The actions of reserpine on the
hypothalamo-pituitary adrenal axis require elucidation.

D.

Electrical stimulation of different areas of the brain stem results

in stimulation or inhibition of ACTH secretion, but the results have
often been contradictory and the responses obtained are influenced by
several variables,

including the plasma glucocorticoid concentrations

and the blood pressure (Newman Taylor,

1969; Gann et a l , 1978).

anaesthetised dog undergoing laparotomy,

In the

electrical stimulation of the

locus subcoeruleus and the adjacent ventral noradrenergic bundle reduced
ACTH secretion, which was consistent with the existence of an inhibitory
noradrenergic input (Rose et a l , 1976).

In recent years,

it has become

clear that the subcoeruleus makes no contribution to the noradrenergic
innervation of the paraventricular nucleus and only a small proportion
of neurones is derived from the locus coeruleus; the majority of the
neurones have their cell bodies in the A^ and A^ areas in the ventro
lateral and dorso-medial medulla (Sawchenko & Swanson,

1982) . In more

recent studies in the rat, electrical stimulation of the A^ and A^ areas
and the ventral noradrenergic bundle has been found to increase the
discharge rate of paraventricular nucleus neurones and the secretion of

CRF-41 into portal plasma (Day et a l , 1985; Plotsky et a l , 1987).

It is

possible that some noradrenergic neurones may innervate postsynaptic
alpha-1 adrenoceptors that stimulate hypothalamic neurones under basal
conditions, while others may innervate post synaptic alpha-2
adrenoceptors that inhibit ACTH secretion during stress.

3.

The most recent proposal has been that central adrenoceptor

activation stimulates the hypothalamo-pituitary adrenal axis. This was
first suggested by Saffran & Schally (1955) who found that catecholamines
increase the secretion of CRF bioactivity by rat hypothalamic fragments
in vitro.

In man, activation of alpha adrenoceptors with drugs that cross

the blood brain barrier,
methoxamine

such as amphetamines

(Rees et a l , 1970),

(Nakai et a l , 1973; Al-Damluji et a l , 1985 & 1987a) and the

tricyclic antidepressants (Laakmann et a l , 1986)

increases the secretion

of ACTH and cortisol. Methoxamine is a highly selective alpha-1
adrenoceptor agonist that stimulates ACTH secretion in a dose dependent
manner, and the effect is abolished by concomitant administration of the
alpha-1 adrenoceptor antagonists thymoxamine and prazosin, which also
cross the blood brain barrier (this thesis, Pages 90, 93 & 100;
Al-Damluji et a l , 1987a & 1989a).

The stimulant alpha-1 adrenoceptors appear to be located at a central
site, as suggested by the following evidence:
A.

the effect of methoxamine is not reproduced by equipotent doses of

noradrenaline, which reaches the pituitary gland and the median eminence
following a peripheral injection but does not cross the blood brain
barrier. This suggests that the actions of methoxamine are not exerted
directly on the pituitary or by a peripheral reflex.

Further

investigations demonstrated that the alpha-2 and beta adrenoceptor
agonist properties of noradrenaline did not account for the differences

from methoxamine (this thesis, Pages 108, 113 & 116; Al-Damluji et a l ,
1987a);
B. in patients with damaged hypothalami and preserved corticotroph
responsiveness, methoxamine has no stimulant effect on ACTH secretion,
confirming that its actions are not exerted directly on the pituitary
(this thesis,

Page 119; Al-Damluji et a l , 1989a);

C. in the rat, methoxamine was more potent when administered centrally
than peripherally (this thesis, Page 123; Al-Damluji et a l , 1990a).

The most recent evidence in the rat also suggests that activation of
central alpha-1 adrenoceptors results in stimulation of the
hypothalamo-pituitary adrenal axis. Thus,

the secretion of ACTH and

CRF-41 is stimulated by injections of noradrenaline and methoxamine into
the cerebral ventricles and into the region of the paraventricular
nucleus and by electrical stimulation of the ventral noradrenergic
bundle;

these effects are blocked by the prior administration of

selective alpha-1 adrenoceptor antagonists (this thesis,
Szafarczyk et a l , 1987; Plotsky,

Page 105;

1987; Al-Damluji et a l , 1990a). These

data are compatible with some earlier studies that showed that
adrenocortical activity in the awake cat is stimulated by implantation of
noradrenaline into some hypothalamic areas (Endroczi et a l , 1963; Krieger
6c Krieger,

1970);

that cerebroventricular injections of noradrenaline

stimulate adrenocortical activity in the rat under basal conditions (Abe
& Hiroshige,

1974; Kawa et a l , 1978);

that some stressful stimuli

increase hypothalamic noradrenaline turnover and adrenocortical activity
in a parallel manner in the rat (Hedge et a l , 1976;

Smythe et a l , 1983);

and that selective reduction of hypothalamic noradrenaline and adrenaline
by stereotaxic injections of 6 -hydroxydopamine reduces adrenocortical
activity in the rat (Feldman et al, 1984 6c 1986; Szafarczyk et al,

1985).

The alpha-1 adrenoceptors that stimulate the secretion of ACTH are
probably located in the hypothalamus.

This is suggested by the following

evi d e n c e :
A. Implantation of noradrenaline into some hypothalamic areas (Endroczi
et a l , 1963; Krieger 6c Krieger,
paraventricular nucleus,

1970),

including the region of the

is followed by increased ACTH secretion and the

effect is blocked by prazosin (Szafarczyk et a l , 1987 6c 1988).
B. Electrical stimulation of the ventral noradrenergic bundle, which
contains the noradrenergic fibres that supply the hypothalamus,

is

followed by increased secretion of CRF-41 into hypophysial portal blood
(Plotsky, 1987) .
C. Hypothalamic noradrenaline turnover and adrenocortical activity
increase in a parallel manner following stressful stimuli
1976;

(Hedge et a l ,

Smythe et a l , 1983).

D. Selective reduction of hypothalamic noradrenaline and adrenaline by
stereotaxic injections of the neurotoxin 6 -hydroxydopamine reduces
adrenocortical activity in the rat (Feldman et a l , 1984 6c 1986;
Szafarczyk et a l , 1985).
E. Alpha-1 adrenoceptor agonists stimulate the secretion of CRF
bioactivity and immunoreactivity by rat hypothalamic fragments in vitro
(Fehm et a l , 1980; Calogero et a l , 1988). However,

the rat hypothalamic

fragment has not yielded consistent results; some investigators have
found that catecholamines inhibit the secretion of CRF (Hillhouse et a l ,
1975; Buckingham 6c Hodges,

1979; Suda et a l , 1987) or stimulate it by a

beta adrenergc (Tsagarakis et a l , 1988; Widmeier et a l , 1989) or an
alpha-2 adrenergic mechanism (Calogero et a l , 1988).

Some possible

reasons for the discrepancies in this technique are suggested below.

Although there is a considerable amount of evidence that the site of the
stimulant alpha-1 adrenoceptors is in the hypothalamus,

this clearly does

not exclude the possibility that other brain areas may participate in
this stimulant action.

As the effects of methoxamine were blocked by a vasopressin antagonist
but not by an equipotent dose of a CRF-41 antagonist,

it is likely that

vasopressin neurones are the major mediators of the stimulant effects of
the alpha-1 adrenoceptors

(see Results, Page 126). These neurones are

innervated by noradrenergic nerve terminals and appear to possess alpha-1
adrenoceptors

(see Introduction, Page 35 & 41). However, CRF-41 appears

to have some role in this response, probably released in smaller
quantities and acting synergistically with vasopressin.

Increased ACTH secretion in man is also seen following activation of
endogenous catecholamine systems, both by administration of the
combination of the catecholamine precursor tyrosine and the alpha-2
adrenoceptor antagonist idazoxan (this thesis, Page 175; Al-Damluji et
al, 1988),
thesis,

and by combined blockade of alpha-2 and opioid receptors

(this

Page 185; Al-Damluji et a l , 1990b). This suggests that the

adrenoceptors that stimulate ACTH secretion are likely to be innervated
by adrenergic neurones and to be involved in the physiological regulation
of the hypothalamo-pituitary adrenal axis.

The physiological significance of the stimulant alpha-1 adrenoceptors was
demonstrated in two situations in man;

the cortisol secretory pattern

during waking hours and the ACTH and cortisol responses to the ingestion
of a meal were both enhanced by alpha-1 adrenoceptor activation and
reduced by alpha-1 adrenoceptor antagonism,

suggesting that ACTH

secretion under those physiological circumstances is mediated by alpha-1
adrenoceptors

(this thesis, Page 150 6c 155; Al-Damluji et a l , 1987 b 6c

c ) . The nocturnal activity of the hypothalamo-pituitary adrenal axis and

the adrenocortical response to hypoglycaemia were unaffected by alpha-1
adrenoceptor blockade,

suggesting that alpha-1 adrenoceptors mediate some

but not all stimuli to ACTH secretion in man (this thesis,

Page 150 &

163; Al-Damluji et a l , 1987b; Cuneo et a l , 1987).

The stimulant action of central alpha-1 adrenceptors in the rat may also
be of physiological significance, as the ACTH response to ether stress
and the CRF-41 response to hypotension are reduced by alpha-1
adrenoceptor antagonists
et a l , 1989). However,

(Szafarczyk et a l , 1987; Plotsky,

1987; Suemaru

the question remains unresolved in the rat, as the

stimuli that were chosen were not physiological.

THE ROLE OF ALPHA-2 ADRENOCEPTORS IN THE CONTROL OF ACTH SECRETION
The selective alpha-2 adrenoceptor antagonist idazoxan has no effect on
ACTH secretion in man,

suggesting that alpha-2 adrenoceptors are not

involved in the regulation of ACTH secretion under basal conditions
thesis,

(this

Page 175 & 185; Al-Damluji et a l , 1988 & 1990b). This is

presumably because noradrenaline release is very low under basal
conditions. Under conditions that can be expected to increase
noradrenaline release,
antagonist,

such as the administration of an opioid

alpha-2 adrenoceptors can be shown to be exerting an

inhibitory influence (this thesis, Page 185; Al-Damluji et a l , 1990b).
Evidence has been provided that the inhibitory alpha-2 adrenoceptors may
be post synaptic in location as the inhibitory action of clonidine
persisted after the administration of 6 -hydroxydopamine and alpha-methyl
para tyrosine, which deplete neuronal noradrenaline (Ganong et a l , 1982).
In addition,

the observation that yohimbine increased both hypothalamic

noradrenaline turnover and ACTH secretion suggested the involvement of
inhibitory presynaptic alpha-2 receptors (Smythe et al, 1983). As post
synaptic alpha-2 adrenoceptors are found on the hypothalamic neurones

that regulate the secretion of ACTH,

it is likely that administration of

an alpha-2 adrenoceptor agonist will reduce the ACTH response to most
stimuli that involve the hypothalamus,

regardless of whether they are

mediated by central adrenergic neurones. This may be why the alpha-2
agonist guanfacine reduces the ACTH response to hypoglycaemia (Lancranjan
et a l , 1979),

even though this response cannot be shown to be mediated by

adrenergic mechanisms (see Results, Page 163).

A considerable amount of evidence therefore suggests that in the rat, dog
and man,

activation of alpha-2 adrenoceptors inhibits the

hypothalamo-pituitary adrenal axis. Recently, Calogero et al (1988)
provided evidence that in rat hypothalamic fragments cultured for 18
hours, CRF-41 secretion is stimulated by activation of alpha-2 as well as
alpha-1 adrenoceptors.

The reasons for this reported difference are

unclear but may be related to changes in the responsiveness of the
hypothalamus when it is isolated from the other brain regions or in the
characteristics of the receptors in culture.

THE ROLE OF BETA ADRENOCEPTORS IN THE CONTROL OF ACTH SECRETION
The data on the effects of central beta adrenoceptor activation on ACTH
secretion have been too scanty to permit a general conclusion.
anaesthetised rats with transected pituitary stalks,

In

Plotsky (1987) found

that cerebroventricular injections of large doses of noradrenaline
inhibited the secretion of CRF-41 and the effect was blocked by
propranolol. This suggested that central beta adrenergic receptors
inhibited ACTH secretion. Takao et al (1988) found that
cerebroventricular injection of propranolol stimulated ACTH secretion in
awake rats, which is compatible with a tonic inhibitory beta adrenergic
mechanism.

In contrast,

Szafarczyk et al (1987) reported that

cerebroventricular injections of similar doses of noradrenaline in awake

rats stimulated ACTH secretion and the effect was partially blocked by
propranolol,

suggesting a stimulant role for central beta adrenoceptors.

Propranolol reduced the ACTH response to ether stress (Szafarczyk et a l ,
1987) but had no effect on the CRF-41 response to hypotension (Plotsky,
1987) . Tilders et al (1986) suggested that activation of beta
adrenoceptors in the median eminence may stimulate ACTH secretion and
Tsagarakis et al (1988) and Widmaier et al (1989) found that propranolol
blocked the stimulant effect of noradrenaline on the secretion of CRF-41
by rat hypothalamic fragments in vitro. However, beta adrenoceptor
blockade with large doses of propranolol had no effect on the ACTH
responses to a variety of stressful stimuli (Berkenbosch et a l , 1984).
This suggests that any stimulant effect of beta adrenoceptors in the rat
is unlikely to be physiologically relevant.

It has not been possible to study the effects of activation of central
beta adrenoceptors in man, due to the lack of agonists with adequate
penetration of the blood brain barrier.

It should be possible to

investigate the effects of central beta adrenergic mechanisms in the
future by using one of the methods for activation of endogenous
catecholamines described in this thesis. Activation of peripheral beta-1
and beta-2 adrenoceptors with relatively selective drugs has no effect on
ACTH secretion in man (this thesis,

Page 113; Al-Damluji et a l , 1987a)

and most investigators have found that beta adrenoceptor blockade does
not alter the adrenocortical response to hypoglycaemia in man (Abramson
et a l , 1966; Clarke et a l , 1979). More studies are required to clarify
the roles of beta adrenoceptors in the control of ACTH secretion.

THE ROLE OF DOPAMINE IN THE CONTROL OF ACTH SECRETION
1. Central effects
In studies on rat hypothalamic fragments in vitro,

dopamine was found to

have no effect on basal or acetylcholine -stimulated secretion of
bioactive CRF (Hillhouse et a l , 1975).

However,

the results of

experiments in which dopamine was injected into the cerebral ventricles
have yielded conflicting results, with reports of stimulation,

inhibition

and lack of effect on glucocorticoid secretion (Van Loon et a l , 1971a;
Kawa et a l , 1978; Huang et a l , 1985). There is no adequate systematic
study of the central effects of dopamine and the available data are
difficult to interpret in view of the different conditions in which the
amine was administered,

and its activity both on dopaminergic receptors

and on adrenergic receptors following conversion to adrenaline and
noradrenaline.

In man, neither the dopaminergic agonist bromocriptine, nor the
antagonist metoclopramide, has any effect on plasma cortisol
concentrations under basal conditions (Del Pozo et a l , 1973; Carey et a l ,
1979). Bromocriptine has no effect on the cortisol response to
insulin-induced hypoglycaemia (Del Pozo et a l , 1973). Both of these drugs
exert significant central dopaminergic effects following systemic
administration (Corrodi et a l , 1973; Peringer et a l , 1975), providing no
evidence for a role for central dopaminergic receptors in the control of
ACTH secretion.

2. Intermediate lobe
The role of dopamine in the control of the intermediate lobe of the rat
is clearer.

The amine inhibits the secretion of POMC derived peptides by

freshly prepared and cultured rat neurointermediate lobe cells in vitro
(Vermes et a l , 1980; Jackson & Lowry,

1983; Voigt et a l , 1983) and the

dopamine agonists bromocriptine and pergolide attenuate the responses of
the POMC derived peptides to immobilisation stress in the rat (Farah et
a l , 1982). Very low concentrations of dopamine were reported to increase

ACTH secretion by rat neurointermediate lobe tissue in vitro (Briaud et
al, 1979) although this finding was not confirmed in another study
(Jackson & Lowry,

1983).

The inhibitory dopaminergic effect on the

secretion of POMC derived peptides by the neurointermediate lobe may be
of physiological significance,

as dopaminergic antagonists stimulate the

secretion of these peptides under basal conditions,

suggesting the

existence of a tonic inhibitory dopaminergic influence (Farah et al 1982;
Sharp et a l , 1982 a & b ) . The source of dopamine may be the portal
circulation (see Introduction Page 37) or the dopaminergic neurones that
innervate the intermediate lobe (Page 37).

3. Anterior pituitary
In contrast to its inhibitory effect on the neurointermediate lobe,
dopamine has no effect on the secretion of POMC derived peptides by rat
or human fetal adenohypophysial cells in vitro under basal conditions
(Gillies & Lowry,

1978; Briaud et a l , 1979; Vermes et a l , 1980; Gibbs et

al, 1982) although one study reported a stimulant effect of high
concentrations of dopamine on cultured rat adenohypophysial cells in
vitro (Giguere et a l , 1981).

Murakami et al (1984) found that dopamine

attenuated the stimulant action of synthetic ovine CRF-41 on cultured rat
adenohypophysial cells in vitro, but their findings could not be
confirmed in man in vivo (this thesis,

In man,

Page 139).

intravenous infusions of dopamine have been reported to have no

significant effect on basal concentrations of plasma ACTH or cortisol
(Wilcox et a l , 1975; Leebaw et a l , 1978; Levinson et a l , 1985; Connell et
al, 1986), although a small inhibition of ACTH secretion was seen in the
experiment described on Page 139. These results confirm that dopamine is
unlikely to play a major role in the control of ACTH secretion at the
level of the anterior pituitary.

THE EFFECTS OF ACTIVATION OF PERIPHERAL ADRENOCEPTORS ON ACTH SECRETION
In man,

there is evidence that peripheral administration of adrenaline,

noradrenaline and dopamine inhibits the secretion of ACTH basally and in
response to CRF-41 (this thesis, Page 108, 131 6c 139; Wilcox et a l , 1975;
Al-Damluji et a l , 1987 a & d ) . The mechanism of this effect may be by
elevation of blood pressure and activation of atrial stretch receptors
(Gann et a l , 1978) or by inhibition by noradrenaline of the secretion of
vasopressin (Shimamoto & Miyahara,

1976) , which is a constituent of the

CRF complex.

THE EFFECTS OF CATECHOLAMINES ON THE HYPOTHALAMUS IN VITRO
Studies on the effects of adrenergic agonists on the secretion of
corticotrophin releasing factor by rat hypothalamic fragments in vitro
have not yielded consistent results.

Evidence has been presented for both

stimulation by alpha (Fehm et a l , 1980; Calogero et a l , 1988) and beta
agonists

(Tsagarakis et a l , 1988; Widmeier et a l , 1989) and inhibition by

alpha and beta agonists (Hillhouse et a l , 1975; Buckingham 6c Hodges,
1979;

Suda et a l , 1987) of CRF bioactivity and immunoreactivity.

Hillhouse 6e Milton (1989) found that in a concentration of 1 nmol/1,
noradrenaline stimulated the secretion of CRF-41 and vasopressin.
Propranolol blocked the stimulation of CRF-41 and phentolamine blocked
the stimulation of vasopressin. At higher noradrenaline concentrations,
stimulation of vasopressin was not observed. At present,

there are

difficulties in extrapolating the data from the hypothalamic fragments to
the physiological situation in vivo;

the hypothalamus is normally subject

to stimulatory and inhibitory influences from other parts of the brain,
so the responses obtained from the isolated fragment may not be the same
as in vivo.

In addition,

the administration of an exogenous agonist may

activate adrenoceptors that are not innervated (see Introduction,

Page

39), which may result in responses that are not seen when endogenous
catecholamine systems are activated. Comparison of the various studies i
difficult because of possible differences in the size of the hypothalami
fragment. An additional difficulty in comparing the earlier studies to
the more recent ones is that most recent investigators have employed
CRF-41 radioimmunoassays as the end point measure. This ignores the fact
that the hypothalamus produces a multifactor corticotrophin releasing
factor complex. This consideration is particularly important in view of
the demonstration that vasopressin is the major mediator of the ACTH
response to activation of alpha-1 adrenoceptors (this thesis,
Al-Damluji et a l , 1990a).

Page 126;

PART

V II

CONCLUSIONS

In the present state of knowledge,

the following conclusions seem

reasonable:
1. In both man and rat, activation of central alpha-1 adrenoceptors is
followed by increased ACTH secretion and this mechanism is important in
the control of secretion of this hormone under some physiological
circumstances.
2. Vasopressin appears to be the major mediator of the effects of alpha-1
adrenoceptors and CRF-41 plays an enhancing role.
3. In man, central alpha-2 adrenoceptors are activated when brain
adrenergic activity is increased, and they inhibit the ACTH response.

In

the rat and dog, evidence also suggests that activation of central
alpha-2 adrenoceptors inhibits ACTH secretion. This provides the basis
for a negative feedback modulatory system.
4. In man, peripheral circulating catecholamines do not stimulate ACTH
secretion under physiological conditions.

This conclusion probably also

applies to the anterior pituitary corticotrophs of the rat.
5. In the rat, beta-2 adrenoceptor agonists stimulate the intermediate
lobe by a direct action that is physiologically relevant. The
intermediate lobe is vestigial in adult man.
6. In man, activation of peripheral adrenoceptors inhibits ACTH secretion
by an unknown mechanism.
7. Dopamine tonically inhibits the secretion of the POMC derived peptides
by the rat intermediate lobe, but this amine does not play an important
part in the regulation of ACTH secretion in man, either at a central site
or directly at the anterior pituitary.
8. The role of central beta adrenoceptors requires further investigation.

PART

V III

PROPOSED CLINICAL APPLICATIONS
OF THE FINDINGS REPORTED IN THIS THESIS

1. A test of central adrenergic receptors.
Since the discovery of the catecholamines in the brain, much interest has
been aroused in their role in the functions of the nervous system in
health and disease.

In man, research activity has been hampered by the

lack of a suitable method for measurement of the activity of central
adrenoceptors.

Several methods are available for measuring noradrenaline

turnover in the brains of experimental animals, but they suffer from
problems that have made it difficult to extrapolate some of the findings
to the physiological situation.

Furthermore,

there are several human

diseases for which there is no adequate animal model. A method that
measures the activity of central adrenoceptors could therefore be useful
for assessing the role of the central adrenergic mechanisms in
physiological and pathological processes in man, and may be important in
the design of new treatments for diseases that are believed to be
associated with derangements of central adrenergic transmission.

The hypothalamus is a convenient region of the brain to study;

in

addition to its involvement in the regulation of cardiovascular function,
temperature and appetite,

it controls the activity of the pituitary gland

whose hormones are secreted into the blood stream and can be measured
with reliable assays. A new clinical test is proposed, based on the
following hypothesis:

HYPOTHESIS:

The ACTH response to adrenergic stimulation is a

physiological index of hypothalamic alpha-1 adrenoceptor activation.

A considerable amount of evidence has been presented in this thesis that
suggests that the site of the stimulant alpha-1 adrenceptors is in the
brain, probably in the hypothalamus,

rather than in the periphery or in

the pituitary gland. The data demonstrate that the ACTH response to
alpha-1 adrenoceptors is physiologically important in the control of
secretion of this hormone.

PREDICTIONS:

The following verifiable predictions can be made, based on

the above hypothesis:
1.

When central noradrenergic neurones are damaged by a disease process,

the ACTH response to activation of endogenous catecholamine systems
should be reduced,

due to impairment or destruction of the neurones.

2. Conversely, when central noradrenergic neurones are damaged,

the ACTH

response to administration of an exogenous alpha-1 agonist that crosses
the blood brain barrier should be enhanced, due to up-regulation of the
denervated post-synaptic receptors.

The following methods are commonly used for

estimating brain

catecholamine turnover in experimental animals:
1. Measurement of the rate of disappearance of noradrenaline from brain
tissue following blockade of its synthesis.

This method really measures

the rate of noradrenaline metabolism rather

than its rate of release

receptor activation.

or

It has the additional disadvantage that the

administration of the catecholamine synthesis inhibitors disrupts the
basal state.
2. Measurement of the rate of production of noradrenaline metabolites in
brain tissue, either endogenously or following administration of labelled
noradrenaline.

This assumes that there is a direct relationship between

noradrenaline release and metabolism and that the activities of the
enzymes that synthesise and metabolise noradrenaline are constant.

These

assumptions are frequently not fulfilled.

In addition,

this method does

not take account of the proportion of noradrenaline that is taken up into
the neurone but not metabolised.

For example,

a monoamine oxidase inhibitor drug,

following administration of

the rate of production of

noradrenaline metabolites can be expected to fall independently of the
rate of noradrenaline release. As an extension of this method,

it has

been proposed that measurement of the plasma or urinary concentrations of
the noradrenaline metabolite 3 -methoxy-4 -hydroxy- phenylethyleneglycol
(MHPG) provides a measure of brain noradrenaline turnover in man (Maas et
a l , 1979). However,

it has been shown that the spinal cord and peripheral

tissues are major sites of production of MHPG, and that the brain
contributes a small fraction of the

amount measured in urine (Post et a l ,

1973; Kessler et al, 1976; Blombery

et a l ,1980).

Urinary MHPG excretion

therefore appears to represent the metabolism of noradrenaline in the
entire body,

rather than specifically in the brain.

3. The rate of production of labelled noradrenaline in brain tissue
following administration of a labelled precursor.

This method measures

noradrenaline synthesis rather than

release. The relationship between

noradrenaline synthesis and release

is not constant. For example,

administration of tyramine can be expected to increase noradrenaline
release without affecting the rate of synthesis,

and changes in

intracellular concentations of catecholamines alter the activity of
tyrosine hydroxylase without necessarily affecting noradrenaline release
(Figure 49, Page 179).
4. Measurements of the tissue concentrations of amines with in vivo
voltammetry (Maidment et a l , 1986) or obtaining liquid samples by
microdialysis

(Sharp et a l , 1986). These promising methods have

advantages over those described above, but they involve the insertion of
electrodes or microcannulae into brain regions, which causes tissue
damage and may alter the nature of the responses obtained.

There are advantages in using ACTH secretion as a marker of central
adrenergic activity:
1. Increased ACTH secretion is a physiological end-point for activation
of central adrenergic mechanisms. None of the methods described above
measures the activation of adrenoceptors,

so the physiological

significance of changes in the concentrations of catecholamines or their
metabolites is not always clear.
2. This method is applicable in man.
3. Measurement of changes in plasma ACTH or glucocorticoid concentrations
in cannulated humans or animals does not disrupt the basal state or
impose a stressful stimulus, unlike the usual methods that rely on
obtaining brain tissues.

It is now possible to measure ACTH

concentrations in plasma volumes of 100 u l , using the unextracted two
site immunoradiometric assays.

The secretion of ACTH is stimulated by several factors apart from alpha-1
adrenoceptors. Therefore,

the criterion for activation of alpha-1

adrenoceptors should be that the increase in ACTH secretion is reversed
by selective alpha-1 adrenoceptor antagonists.
be taken into account,

Other factors may have to

such as the possibility that the ACTH response may

have to be related to the basal plasma cortisol concentration, which
exerts a negative feedback effect. Changes in the responsiveness of the
pituitary corticotroph cells can be assessed with submaximal doses of
CRF-41.

It is envisaged that the ACTH response to adrenergic stimulation should
be useful for two purposes:
1. It should be possible to study brain adrenergic function in various
disease states, by comparing patient groups to normal controls.

It is

predicted that in patients with diseases of central noradrenergic

neurones,

the ACTH response to activation of endogenous catecholamines

would be reduced and that the ACTH response to an exogenous agonist that
crosses the blood brain barrier would be enhanced, as described above.
2.

This method should be useful for the assessment of new treatments

that are intended to increase brain adrenergic activity in diseases such
as endogenous depression.

Currently,

the assessment of these drugs in man

relies on their therapeutic efficacy, which requires expensive,

long term

clinical trials. The proposed methods described in this thesis should
facilitate the study of central adrenergic mechanisms in man.

2.

Activation of endogenous catecholamines as a treatment for depression

The role of brain monoamines in the aetiology of depressive illness has
been studied for many years.

Several pieces of evidence have been cited

to support the view that central adrenergic transmission is reduced in
depression,

and that this may contribute to the features of the disease.

Thus, depression is a side effect of several classes of drugs that reduce
adrenergic transmission.
synthesis,

These include agents that inhibit noradrenaline

such as alpha-methyl paratyrosine (Weiner,

neuronal noradrenaline,
noradrenaline release,

1985); deplete

such as reserpine (Doyle & Smirk,
such as clonidine

1954);

inhibit

(Simpson <5c Waal-Manning, 1971);

or antagonise the actions of noradrenaline at the post synaptic receptor,
such as prazosin (Reynolds,

1989) and propranolol (Waal,

1967).

Other evidence in support of a role of central noradrenaline in the
aetiology of depression has been derived from the clinical response to
administration of agents that increase extracellular noradrenaline
concentrations,

such as the tricyclic antidepressants and the monoamine

oxidase inhibitors. Against this has been cited the lack of therapeutic
effect of some other agents,

such as amphetamines

(Hare et a l , 1962;

Overall et a l , 1962) and cocaine (Post et al, 1974); and the temporal

dissociation between the biochemical and the therapeutic effects of the
antidepressants

(Oswald et a l , 1972).

Alpha-2 adrenoceptor antagonists have recently been suggested for the
treatment of endogenous depression. The rationale for this is that these
agents increase noradrenaline release by competing for the presynaptic
alpha-2 receptor and thus counteract the negative feedback action of
noradrenaline on its own release.
alpha-2 antagonist activity,

Some established antidepressants have

including mianserin (Nickolson & Wieringa,

1982),

and other more selective agents are currently undergoing clinical

trials

(Doxey, JC, personal communication).

As alpha-2 adrenoceptor antagonists increase noradrenaline release by
competing with endogenous noradrenaline,

they can only be expected to

exert their effects in the presence of an ambient concentration of the
agonist.

This has been demonstrated in vitro,

as it has been shown that

these drugs are more effective in releasing tritiated noradrenaline in
the presence of cocaine, which increases the extracellular concentration
of noradrenaline

(Enero,

1984).

Conversely, when tissue noradrenaline

concentrations are reduced by reserpine,

alpha-2 adrenoceptor antagonists

are much less effective in enhancing noradrenaline release (Enero &
Langer,

1973). As has been shown in this thesis,

alpha-2 antagonists have

minimal effects under basal conditions in normal subjects, when
noradrenaline release is very low.
patients,

It is possible that in depressed

in whom noradrenaline turnover and the extracellular

concentrations of noradrenaline are presumably very low, administration
of the alpha-2 antagonist alone may be ineffective in significantly
increasing noradrenaline turnover. The two methods of activating
endogenous catecholamines described in this thesis should overcome these
pr o blems.

A.

Combined administration of an alpha-2 antagonist and a catecholamine

precursor.
In the experiment described on Page 175,

the alpha-2 antagonist idazoxan

h a d no effect on noradrenaline release or the secretion of ACTH. The
combination of idazoxan with a catecholamine precursor,

tyrosine,

resulted in an increase in noradrenaline release and the secretion of
ACTH.

This indicates that it is possible to enhance the action of an

alpha-2 adrenoceptor antagonist by combining it with a catecholamine
precursor.

The choice of a catecholamine precursor has not been

established yet;

it is possible that L-DOPA may be more effective in

enhancing the effects of idazoxan than tyrosine,

as it overcomes the

block in catecholamine synthesis at the tyrosine hydroxylase step,

caused

by inhibition of this enzyme by the products of the catecholamine
synthesis pathway (Figure 49, page 179).

B. Combined blockade of alpha-2 and opioid receptors.
In the experiment described on Page 185,

idazoxan was administered both

basally and following blockade of opioid receptors, which was intended to
remove the tonic opioid inhibition of noradrenaline release. Whereas
idazoxan alone had minimal effects basally,

it caused a significant

stimulation of ACTH secretion when combined with the opioid antagonist,
suggesting an increase in noradrenaline release in the brain.

It is

likely that combined blockade of opioid and alpha-2 adrenoceptors may be
a more effective therapeutic manouvre in the treatment of depression than
an alpha-2 antagonist alone.

Combined blockade can be achieved by

administration of two drugs or by a single agent that is active at both
receptor sites.

It is interesting that the positive interaction between

the alpha-2 and opioid antagonists was observed only on the secretion of
ACTH but not on the peripheral sympathetic nervous system.

This suggests

that the interaction of alpha-2 and opioid mechanisms may operate in the

central nervous system but not in the periphery. This would represent a
considerable therapeutic advantage, as it would avoid the undesirable
effects of peripheral sympathetic activation,
pressure.

such as elevation of blood
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A b stract. In a d ouble-blind study in normal subjects, methoxam ine, a highly selective agonist at a lp h a - 1-adrenoceptors,
significantly increased circulating ACTH and cortisql. The stimulant effect of m ethoxam ine on cortisol secretion was dose
depen dent in the range 3.5-7 p g /k g /m in , was abolished by concom itant administration of the strong a lp h a - 1-adrenergic
(and weak H I) antagonist thym oxam ine but unaffected by the antihistamine, chlorpheniram ine. In order to test whether
the action o f m ethoxam ine on A C TH secretion was exerted centrally or peripherally, the effects of norepinephrine (NE),
an a lp h a - 1-agonist that does not cross the blood-brain barrier, were studied. Doses of N E (1-12 p g /m in ) that increased
systolic blood pressure by am ounts similar to the changes p roduced by methoxamine, did not result in any rise in plasma
cortisol in normal subjects. The effect of m ethoxam ine, which is more lipid soluble than N E , on p la s m a 'A C T H and
cortisol, appears to be exerted on the C N S and not at the pituitary or via nonspecific peripheral mechanisms. In addition
to its water solubility, N E differs from m ethoxam ine in its beta-1-, beta-2- and alpha-2-agonist actions. However, prenal
terol (2 mg) and salbutamol (250 ug), respectively beta-1- and beta-2-adrenergic agonist drugs, had no effect on the secre
tion o f A CTH or cortisol and the alpha-2-antagonist yohimbine in an effective dose did not unm ask a stimulant effect o f
intravenous N E on plasma cortisol. At high infusion rates, N E significantly inhibited cortisol secretion. Stimulation of
central a l p h a - 1-adrenergic m echanism s results in secretion o f ACTH in man, presum ably by increased release of a cortico
tropin-releasing factor.

The h ypothalam us contains the highest concentrations
of epinephrine and norepinephrine in the m am m alian brain
[6, 59] and receives a rich supply of adrenergic and n o ra d 
renergic fibres from the brain s te m ; these terminate in many
hypothalam ic regions, including the paraventricular n u 
cleus, which is the site o f the cell bodies o f corticotropin-re
leasing factor (CRF) neurons in man [12, 33, 37], However,
the role o f catecholamines in the control o f A CTH secre
tion remains controversial an d there may be species varia
tion. Am phetam ines have been shown to stimulate the se
cretion of A CTH , cortisol and beta-endorphin (BE) in man
by an alpha-adrenergic m echanism [7, 14, 42] but they have
complex pharmacological actions and cause a generalized
arousal effect that correlates with the height o f the cortisol
peak [7, 14], so the m echanism by which they stimulate
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ACTH secretion is uncertain. Studies o f directly acting
alpha-adrenergic agonists such as epinephrine and n orepi
nephrine have failed to dem onstrate a stimulant effect on
ACTH secretion in man [35,49, 64]. However, beta-adrener
gic agonists have been reported to stimulate the secretion of
A CTH and BE in rats in vivo [4, 5, 30, 31, 52], while no repi
nephrine inhibits corticosteroid secretion in dogs [56].
We have now exam ined the effects o f directly acting
alpha- and beta-adrenergic agonists on the activity of the
hypothalam o-pituitary-adrenal axis (HPAA) in man using
methoxam ine, a highly selective agonist at post-synaptic
a lp h a - 1-adrenoceptors [17, 50] that is free o f behaviourarousal effects when injected intracerebroventricularly in
rats [18] and that has been found to stimulate ACTH secre
tion in m an [36]. The effects of m ethoxam ine have been
co m pared with those o f no repinephrine which is less hy
drop ho bic than m ethoxam ine [45] and does not cross the
blood-brain barrier [62, 63]; norepinephrine was given in
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doses that produced equivalent peripheral a lp h a -1-adreno
ceptor effects to methoxamine as judged by elevation of
systolic blood pressure, so that any differences in the effects
of the two drugs on the HPAA could be attributed to central
brain rather than peripheral mechanisms. The stimulant ef
fect of methoxamine on cortisol secretion was completely
abolished by the a lp h a -1-adrenoceptor antagonist thymox
amine. Since thymoxamine also has weak H-l antihistaminic activity, the effects of the antihistamine chlorphenira
mine were also recorded. O ur findings suggest that methox
amine stimulates ACTH secretion by a central a lp h a - 1-ad
renergic mechanism, while the more hydrophilic norepi
nephrine is devoid o f such effect. The alpha-2- and
beta-agonist properties of norepinephrine do not account
for the differences from m ethoxamine as we have shown
that b e ta -1- and beta-2-adrenergic agonists (prenalterol and
salbutamol, respectively) do not have a direct action in man
and an alpha-2-antagonist (yohimbine) does not modify
cortisol secretion during norepinephrine infusions.

S u bjects and M eth od s
All the investigations were approved by the Ethical Committee
of St. Bartholomew's Hospital and subjects gave written informed
consent. Physical examination, electrocardiogram and haematological and biochemical screen were carried out in all subjects. Re
peat studies on the same subjects were performed at intervals of
not less than 7 days. All drugs were dissolved in 0.9% NaCl solu
tion which was also used for control injections.
M ethoxam ine and Thym oxamine
Eleven healthy volunteers aged 21-31 years, including 4 fe
males in the follicular phase o f their regular menstrual cycles, were
studied. Following an overnight fast, an intravenous cannula was
inserted at 8.30 a.m. in each arm, 60 min before the start of intrave
nous infusions which were given via continuous syringe infusion
pumps. Pulse and blood pressure (by sphygmomanometry, phases
1 and 5) were measured and blood samples taken twice in the con
trol period and at intervals for 120 min after the start of the infu
sions which were given double blind in random order. The dose of
methoxamine used in the initial studies was 20 mg dissolved in
10 ml of normal saline and infused continuously for 90 min. In the
dose-response studies, methoxamine doses were 3.5, 5 and 7 p g /
kg/m in in 10 ml of normal saline given as continuous infusions for
90 min each to 4 subjects on separate occasions in random order.
The dose o f thymoxamine was 0.2 m g /kg bolus and 2.2 p g /k g / m i n
for 90 min.
M ethoxamine and Chlorpheniramine
Six normal subjects (1 female) received each of four treatments,
in double blind random order consisting of a bolus injection fol
lowed by a 90-min infusion. Bolus injections of 3 mg of chlorphen
iramine in 5 ml saline or saline alone were each followed by an
infusion of 20 mg methoxamine or saline alone. Blood pressure
and pulse and blood samples were collected at intervals for
120 min.
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Norepinephrine
Six male subjects were given intravenous infusions on four oc
casions, methoxamine 20 mg in 90 min, saline once and norepi
nephrine twice. The object of the norepinephrine infusions was to
elevate systolic blood pressure by 10% above the mean control
value on one occasion and by 25% on the other, spanning the range
of blood pressure response to methoxamine. Blood pressure was
measured at l-min intervals and the infusions were commenced
after a 10-min control period. Norepinephrine was given via a co n
tinuous infusion pum p in incremental doses of 1, 2, 3, 5, 8, 10 and
12 p g /m in . Each dose was administered for 5 min and when the
target blood pressure was reached, the infusion was continued at
the same rate for 15 min. Blood samples were taken for assay of
cortisol at the beginning and end of the control period, at the end
of the infusion and at 5, 10, 15 and 30 min thereafter.
Norepinephrine with Yohimbine
Five normal male subjects were given: (1) saline; (2) intrave
nous infusions o f norepinephrine to elevate systolic blood pressure
by 10% as described before; (3) yohimbine 10 mg orally followed
2 h later by a norepinephrine infusion to elevate systolic blood
pressure by 10%, and (4) yohim bine 10 mg orally followed 2 h later
by an intravenous infusion o f saline. Blood pressure and blood
samples were taken as in the noradrenaline study above.
Prenalterol and Salbutam ol
Six normal subjects (2 female) received 5-min infusions of sa
line 5 ml, prenalterol 2 mg in 5 ml saline and salbutamol 250 pg in
5 ml saline in double blind random order. Pulse and blood pressure
and blood samples were collected at intervals for 90 min.
Assays
Radioimmunoassays were employed in the estimation of
plasma cortisol, ACTH [43] and C-terminal LPH (BE) [26]. N orepi
nephrine was measured by HPLC and electrochemical detection
[11]. The intra-assay and inter-assay coefficients of variation are,
respectively: cortisol, 6.5 and 10.2%; ACTH, 6 and 10%; BE, 6.3
and 10.2%, and norepinephrine 5.7 and 7.1%. BLPH and BE both
cross-reacted in the C-terminal LPH assay 100%.
Statistics
The results are expressed as the mean ± SEM. Statistical as
sessment was by analysis of covariance and individual time points
were compared by Student’s t test.

R esu lts

M ethoxam ine
The basal horm one concentrations are shown in table I.
Figure 1 shows that compared to the saline infusion, me
thoxamine was accompanied by a rise in mean plasma
ACTH ( p < 0.02 at 90 min) and cortisol ( p < 0.001 from 60
to 120 min). There was a rise in plasma BE concentrations
during the methoxamine infusion in all 5 subjects in whom
it was measured (time 0 min: 2 3 ± 5 ng/1; time 90 min:
43 ± 1 2 ng/1) but the rise was not statistically significant
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Fig. 1. The effects of infusions of saline and methoxamine
(0.22 m g/m in) with and without thymoxamine (0.2 mg/kg bo 
lu s +2.2 u g /k g /m in ) on plasma ACTH, immunoreactive beta-endorphin (C-terminal LPH), cortisol, heart rat (HR) and blood pres
sure (BP) and 9 normal subjects. 0 = saline; • = methoxamine;
A = methoxamine with thymoxamine.

Fig. 2. Effects of different doses of methoxamine on mean
( ± S E M ) plasma ACTH, cortisol and systolic blood pressure in 4
normal subjects.

(t = 2.35, p = 0.078). There was an accompanying rise of sys
tolic blood pressure by a mean of 16.8 ± 3% at 90 min and a
concomitant bradycardia. All subjects had piloerection and
the males experienced a mild sensation of urethral tight
ness. None of the women studied experienced any urethral
symptoms. There was no evident mood change. The cortisol
response in 7 men was similar to that in 4 women (plasma
cortisol increment in 7 men 2 7 3+ 19 n m ol/l and in 4
women was 230 ± 5 2 nm ol/l. Figure 2 shows that the effect
of methoxamine on ACTH, cortisol and systolic blood
pressure in 4 subjects was dose dependent, in the dose
range 3.5-7 p g/kg /m in .

sol secretion and blood pressure. The sensations of piloer
ection and urethral tightness were also abolished.

M ethoxamine and Thymoxamine
Figure 1 shows that concomitant administration of thy
moxamine abolished the effects of methoxamine on corti

M ethoxamine and Chlorpheniramine
Table II shows that chlorpheniramine had no effect on
the plasma cortisol response to methoxamine. The peak
plasma cortisol concentrations following both methoxa
mine and methoxamine and chlorpheniramine were signifi
cantly different from normal saline ( p < 0.01 for both, Stu
dent’s t test). All subjects fell asleep following the chlor
pheniramine infusions. Mean heart rate was slower and
mean plasma cortisol concentrations were lower following
the chlorpheniramine infusion compared to saline and
the differences persisted until the end of the study (mean
heart rate at 120 min: saline 63.7+1.7, chlorpheniramine
57.7 + 3.0, p < 0 .0 5 , Student’s t test; mean plasma cortisol
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Effects o f C atecholam ines on A C T H an d Cortisol in M an
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Fig. 3. C om p arison of the effects o f m e
thoxam ine an d norepin eph rine (N E ) on
plasma cortisol and systolic blo od pressure
(SBP) (expressed as percentage change from
mean control ± SEM). Infusions o f N E were
given to elevate SBP by approxim ately 10 and
25% of the mean control value, similar to the
changes after methoxamine.
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Table I. M ean ( ± SEM) basal concentrations o f plasma ACTH,
BE an d cortisol before infusions o f norm al saline, m ethoxam ine
and m ethoxam ine with th ym ox am in e in 9 norm al subjects

T able II. Effects o f intravenous infusions o f norm al saline,
chlo rp hen iram ine 3 mg bolus, m ethoxam ine 20 mg infusion in
90 min an d chlorpheniram ine an d m ethoxam ine on plasma cortisol
in 6 norm al subjects (mean ± SEM values)

Plasma cortisol, n m o l/l
ACTH , ng/1

Saline
M ethoxamine
M ethoxam ine with
th ym oxam ine

34 ± 7
21 ± 4

BE, ng/1

16 ± 3
23 ± 5

Cortisol
m ean control,
n m o l /l
272 ± 26
265 ± 32
245 ± 38

Saline
C h lorph eniram in e
M ethoxam ine
M ethoxam ine with
chlorpheniram ine

basal

peak or nadir

317 ± 39
330 ± 32
338 ± 51

223 ± 18
149 ± 14
581 ± 47

334 ± 34

591 ± 62

concentrations at 120 min: saline 2 4 4 ± 2 0 n m o l/l, chlor
pheniram ine 170 + 19 n m o l/l, p < 0 . 0 5 , Stu d e n t’s t test).
C h lorph en iram in e had no effect on the cardiovascular re
sponses to m ethoxam ine.

line, and the differences were statistically significant for the
higher norepinephrine infusion ( p < 0 .0 5 ). No piloerection
or urethral sensations were experienced during the no re p i
nephrine infusions.

Norepinephrine
Figure 3 shows that mean elevations o f systolic blood
pressure o f 11.3%± 1 an d 24 ± 2 % during adm inistration o f
no repinephrine were not a c com panied by a rise in plasma
cortisol above the mean control value, while m ethoxam ine
infusions causing an elevation o f systolic b lood pressure
o f 17 ± 4 % were accom pan ied by a significant increment
in plasm a cortisol ( p < 0.001 c om pared to saline). M ean
plasm a cortisol concentrations were lower following the in
fusion of both doses o f norepinep hrine than following sa

Norepinephrine and Yohimbine
M ean plasm a no repinephrine increased by 63% follow
ing the dose o f yohim bine (basal 0.80 ±0.11 n m o l/l, 2 h af
ter 1.30 ± 0 .2 6 n m o l/l, p < 0.05, S tudent’s t test). The prior
adm inistration o f yohim bine had no effect on plasm a corti
sol concentrations following an intravenous infusion of
norep in ep hrin e (table III). Systolic blood pressure was in
creased by 11 ± 0.9% above m ean control during the n o re p i
nephrine infusions and by 13 ± 1.0% during the yohim bine
an d n orep in ep hrin e infusions. The mean no repinephrine

A l-D a m lu ji/P e rr y /T o m lin /B o u lo u x /G ro s s m a n /R e e s /B e s s e r
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infusion rates required to elevate systolic blood pressure by
these am ounts were 3 p g /m in for the former and 7 jig/m in
for the latter.

60
ACTH
ng/1

Prenalterol and Salbutam ol
Neither drug stimulated the secretion ACTH, BE or cor
tisol, although both produced a tachycardia and transient
systolic hypertension (fig. 4). Significant cardiovascular ef
fects of both drugs were observed for 60 min following the
start o f the infusion (heart rate at 60 min: saline: 5 9 ± 2 .4 ,
salbutam ol: 68 ± 2.6, prenalterol: 65 ± 2.7, p < 0.05 vs. sa
line for both, Student’s t test).
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Fig. 4. The effects o f beta-adrenergic agonists on mean
( ± SEM) plasma immunoreactive A CTH , b eta-endorphin and cor
tisol in 4 male and 2 female subjects given 2 mg prenalterol (beta1), 250 pg salbutamol (beta-2) and norm al saline intravenously over
5 min. O = prenalterol; ▲ = salbutam ol; • = saline. Standard er
ror bars that are smaller than the symbol are not shown.

Table III. Effects of norm al saline, yohim bine 10 mg, norepi
nephrine an d yohim bine and n orepinephrine on plasma cortisol in
5 normal subjects (mean ± SEM values)
Plasma cortisol, n m o l/l

Saline
Yohimbine
N orepinephrine
Yohimbine with
norepinephrine

basal

15 min after
end o f infusion

280 ± 32
373 ± 25
340 ± 33

299 ± 44
299 ± 48
261 ± 18

328 ± 47

254 ± 46

These studies have dem onstrated a stimulant action of
methoxam ine on ACTH and cortisol secretion, confirming
the findings o f Nakai et al. [36]. We have now shown that
this stimulation is a dose-dependent effect that is mediated
by an alpha-adrenergic mechanism since it is abolished by
the highly selective post-synaptic a lp h a - 1-adrenoceptor a n 
tagonist thym oxam ine [17], which is capable o f crossing the
blood-brain barrier [60]. This action o f m ethoxamine is si
milar to those of am phetam ines [7, 14,42]. These effects are
not depen dent on stimulant behavioural effects since these
are not seen after m ethoxamine [18]. In addition, our sub
jects fell asleep after the chlorpheniram ine injections but
this did not modify the rise in circulating cortisol in re
sponse to methoxamine, suggesting that it is not dependent
on the state of wakefulness or arousal or awareness of the
peripheral effects of methoxamine. The female subjects,
who experienced no urethral symptoms, had a similar
increment in plasma cortisol to the males. The stimulant ef
fect o f methoxam ine appears to be mediated by a central
brain mechanism, since increased cortisol secretion was not
found after equivalent peripheral alpha-adrenergic stimu
lation with norepinephrine which can reach the pituitary
gland but does not cross the blood-brain barrier [62, 63].
Although thymoxamine possesses weak H-l antihistaminic
activity [8], this cannot account for its abolition of the corti
sol response to methoxam ine as the latter was uninfluenced
by the powerful antihistaminergic (H I) agent chlorphenira
mine. Thym oxam ine has no significant alpha-2- or betaadrenoceptor or serotonergic receptor-blocking activity [8,
17]. M ethoxam ine may have beta-adrenoceptor antagonist
activity when given in large doses to experimental animals
[28]. However, this is not the mechanism by which m ethoxa
mine stimulates the HPAA in man as the stimulant effect of
methoxam ine on cortisol secretion was abolished by thy
moxamine, which lacks activity at beta-adrenoceptors [8].
There was no evidence o f beta-adrenoceptor blocking ac
tivity by methoxam ine in the doses used in this study as we
observed no reduction of heart rate or blood pressure d u r 
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ing the combined infusion o f methoxamine and thym oxa
mine in comparison to normal saline (fig. 1). Methoxamine
also stimulated BE secretion although the increase was not
statistically significant, presumably because of the small
number of subjects in whom it was measured. The reduc
tion of plasma cortisol concentrations and heart rate fol
lowing the chlorpheniramine injections was presumably re
lated to the sedative effect of this drug.
In addition to its hydrophilic properties, norepinephrine
differs from methoxamine by its beta-agonist action, but
neither beta-1- nor beta-2-agonist studied here had any ef
fect on basal ACTH secretion. Norepinephrine is also a
powerful alpha-2-agonist and it is theoretically possible
that a peripheral a lp h a -1-adrenergic stimulant effect was
masked by an inhibitory peripheral alpha-2 effect. H ow
ever, this was disproved by our finding that pretreatment
with the alpha-2-antagonist yohimbine in an effective dose
(judged by significant elevation of endogenous plasma nor
epinephrine) had no effect on plasma cortisol concentra
tions following norepinephrine infusion.
In contrast to the stimulant effect o f methoxamine on
ACTH secretion, the higher dose of norepinephrine infu
sion significantly inhibited cortisol secretion in comparison
to normal saline. The mechanism of this effect is unclear,
but may be due to the known inhibitory effect o f norepi
nephrine on vasopressin secretion [48], which may act as or
augment the action of CRF.
The earliest studies that assessed the interaction o f cate
cholamines and the HPAA in man examined the effects of
administration of epinephrine on various indices o f HPAA
activity, including the blood eosinophil count [19, 24, 41],
17-hydroxycorticosteroids [2, 19, 24, 47] and various insen
sitive early ACTH bioassays [55, 58], but the results were
conflicting. More recently, epinephrine [13, 35] and norepi
nephrine [49, 64] have been reported to have no stimulant
effects on basal plasma cortisol in man. However, these
findings contrasted with the apparent alpha-adrenoceptor
mediated stimulant effect of amphetamines on the HPAA
[7, 14, 42] but it seemed possible that the latter responses
were mediated by central behavioural or indirect peripheral
mechanisms. The current investigations support the view
that direct central stimulant alpha-adrenergic mechanisms
act at the hypothalamus or its central connections to cause
ACTH release presumably by effects leading to increased
secretion o f a hypothalamic CRF, such as CRF-41 or vaso
pressin. Thus, drugs that do not cross the blood-brain bar
rier in significant amounts, such as epinephrine [61] and
norepinephrine [62, 63], will not have this action whereas
the more lipophilic methoxamine will. In support of our in
terpretation is the finding that increased corticosteroid se
cretion is seen in cats only after implantation o f norepi
nephrine into hypothalamic areas but not into the pituitary
gland [32]. Intracerebroventricular administration of nor
epinephrine stimulates corticosteroid secretion in rats [1,
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29] but inhibits it in dogs [56]. The differences may be attri
butable to the species or to the effects of drugs at more than
one site following intracerebroventricular administration as
opposed to hypothalamic implantation.
Several studies failed to find evidence of a direct stimu
lant effect o f epinephrine or norepinephrine on ACTH se
cretion by freshly prepared rat adenohypophysial cells in
vitro [10, 21, 57], which would be in agreement with our in
vivo findings in humans. However, other investigators have
reported stimulant effects of alpha-adrenergic agonists on
cultured rat adenohypophysial cells in vitro [20, 38, 53]. It is
possible that these differences may be attributable to ‘upregulation’ of adrenoceptors on cultured cells when grown
in the absence of catecholamines in their culture medium,
as desensitisation of these cells in the presence of catechol
amines has been described [23]. The physiological relev
ance of those studies is therefore unclear. The half maximal
concentration of norepinephrine that stimulates ACTH se
cretion by cultured cells is 10 nm ol/l, which is the upper
limit of the physiological range of peripheral plasma nor
epinephrine in the rat [34]. The mammalian ad enohypophy
sis does not receive a catecholaminergic innervation [9, 46]
and several studies have reported the concentration of nor
epinephrine in hypophysial portal plasma to be no greater
than that in peripheral plasma [3, 16, 22, 39, 44]. Only Jo h n 
ston et al. [27] have found the concentration of epinephrine
in plasma from the transected pituitary stalk to be in excess
of the periphery, by 60-90%, and interpreted their findings
as indicating a central source of epinephrine secretion into
the portal circulation. However, the source of epinephrine
in their experiments may have been partly derived from the
severed adrenergic tracts innervating the posterior and neu
rointermediate lobes. In support of this suggestion is the
finding by Reymond and Porter [44] that the concentration
of epinephrine in plasma from portal vessels when cannulated, was lower than in the periphery. Whether or not
alpha-adrenoceptor agonists stimulate ACTH secretion by
acting directly on the adenohypophyseal cells in the rat, our
data provide evidence that this is not the case in man. The
a lp h a-1-adrenoceptor stimulatory mechanism appears to
be within the blood-brain barrier.
Neither beta-agonist used had a significant direct stimu
lant effect on the pro-opiocortin (POC)-derived peptides,
even though they were given in doses that clearly exerted
cardiovascular effects for at least 1 h following the infusion.
While we were unable to demonstrate a stimulant effect of
beta-adrenergic agonists on the human pituitary-adrenal
axis, several reports have demonstrated a stimulant effect
of beta-adrenergic drugs following systemic administration
to rats in vivo [4, 5, 30, 31, 52], but it is unclear whether this
was a specific effect or secondary to the hypotension that
followed administration of the drugs. Another explanation
for this further species difference may be the presence in
rats of the neurointermediate lobe, whose cells have been
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shown to possess b eta-adrenoceptors [15] and to respond to
beta-adrenergic agonists with an increase in the secretion of
POC-derived peptides [15, 21, 25, 51, 54]. The source o f the
POC-derived peptides that are secreted follow ing systemic
adm inistration o f beta-agonists to rats may be the neu ro in
term ediate lobe, but this is a vestigial organ in adult man

12

[40, 65].

13

We have dem onstrated a specific alpha-adrenergic stim 
ulant m echanism on the secretion o f ACTH in man, and the
site of action o f this effect ap pears to be within the central
nervous system. F urther studies will aim to exam ine the
physiological significance o f the m echanism .
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ABSTRACT

Six norm al m ale subjects w ere given, in single blind
ran d o m o rd e r on six sep arate occasions, i.v. bolus
doses o f synthetic ovine c o rtic o tro p h in -rele a sin g fac
tor-41 (oC R F -4 1 ; 25 an d 50 pg) w ith an d w ith o u t
adrenaline (3 p g/m in) i.v. fo r 15 0 m in , the ad ren alin e
infusions alone an d saline placeb o . T h e ad ren alin e
infusions resulted in p lasm a a d ren alin e co n cen 
tratio n s o f 4-33 ± 0 -8 2 ( s . e . m .) nmol/1 an d w ere associ
ated w ith an increase in b io o d giucose, h e a rt rate and
systolic blood pressure an d a red u ctio n o f diastolic
blood pressure. D espite these evident biological
effects at several sites, there w as no stim u la tio n o f
plasm a A C T H o r cortisol by a d ren alin e in c o m p a ri
son w ith the effect o f saline, an d no en h an cem en t o f
the stim u lato ry effect o f eith er d ose o f o C R F -41 on
A C T H o r cortisol secretion. T h e A C T H response to

IN T R O D U C T IO N

O u r previous in v estig atio n s (A l-D am lu ji, Perry,
T om lin e t al. 1986/?; A l-D am lu ji, G ro ssm a n & Besser,
1986a) show ed th a t a lipid-soluble c ^ -a d re n o c e p to r
agonist m eth o x am in e stim u lates the secretion o f
a d re n o co rtico tro p h ic h o rm o n e (A C T H ) a n d cortisol
in m an by an a j-a d re n o c e p to r m echanism a t a cen tral
site. T he effect w as blocked by the c ^ -a d re n o c e p to r
an ta g o n ist th y m o x am in e a n d w as n o t re p ro d u c e d by
the hydrophilic c ^ -a d re n o c e p to r ag o n ist n o ra d re n a 
line. N o ra d re n a lin e is less lipid soluble th a n m e th o x a 
m ine and reaches the p itu ita ry gland follow ing i.v.
injection, b u t does n o t cross the b lo o d -b ra in b arrier.
T he a 2- an d P -ad ren o cep to r ag o n ist p ro p e rtie s o f
n o rad ren alin e did n o t a c c o u n t fo r the differences from
m ethoxam ine. A d ren alin e is re p o rte d to en h an ce the

J. Endocr. (1987) 112, 145-150 © 1987 Journal o f Endocrinology Ltd
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50 pg oC R F -41 w as g reater th a n th a t to 25 pg, indi
catin g th a t the 25 pg dose o f oC R F -41 w as subm axim al an d cap able o f fu rth e r en hancem ent. As the
p lasm a ad ren alin e co n c e n tra tio n s d u rin g the a d re n a 
line infusions reached the u p p er lim it o f the p h y sio 
logical range o f plasm a a d ren alin e in m an, yet failed
to enhan ce the A C T H o r co rtiso l responses to a subm axim al dose o f o C R F -4 1 , we conclude th a t circ u lat
ing ad ren alin e neith er exerts a direct stim u lato ry
effect on p itu itary c o rtic o tro p h s n o r enhances the
effect o f C R F u n d er physiological circum stances. T he
a d ren a lin e infusions a tte n u a te d the A C T H an d co rti
sol responses to oC R F -41 an d were associated w ith a
tra n sie n t red u ctio n o f basal co n ce n tra tio n s o f b o th
h o rm o n es.
J. E ndocr. (1987) 112, 145-150

stim u lato ry effect o f synthetic ovine co rtico tro p h in releasing factor-41 (o C R F -4 1 ) on A C T H secretion by
cu ltu red ra t ad en o h y p o p h y sial cells in vitro (G iguere
& L abrie, 1983; Vale, V a u g h an , Sm ith et al. 1983). W e
have therefore investigated the in-vivo effects o f
increases in plasm a c o n e n tra tio n s o f ad ren alin e w ithin
the n o rm al range on th e activity o f oC R F -41 in m an.

M A T E R IA L S AND M E T H O D S

Six n o rm al m ale volu n teers aged 23-36 years were
studied follow ing an overn ig h t fast. O ne h o u r after
p lacem ent o f tw o fo re arm venous can nulae, the su b 
jects received i.v. infusions u n d e r electro card io g rap h ic
m o n ito rin g in a q u iet ro o m , com m encing betw een
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10.00 an d 10.30 h. E ach subject w as studied on six
separate occasions a t intervals o f a t least 7 days. They
received the follow ing infusions in single (subject)
blind ran d o m o rder: (1) a d ren alin e (3 pg/m in) co n 
tinuously from —30 to 120 m in an d a bolus o f p hysio
logical saline a t 0 m in, (2) a d ren alin e as above and
oC R F-41 (25 pg) at 0 m in, (3) ad ren alin e as above and
oC R F-41 (50 pg) at 0 m in, (4) saline infusion co n 
tinuously from —30 to 120 m in a n d a bolus o f saline
at O m in, (5) saline in fusion an d oC R F-41 (25 ug) at
0 m in an d (6) saline infusion an d oC R F -41 (50 pg) at
0 m in.
A dren alin e was dissolved in physiological saline to
a c o n c e n tra tio n o f 6 mg/1 an d ascorbic acid (1 m g/m l)
added to all the ad ren alin e an d saline solu tio n s to
m inim ize o x id atio n . T h e a d ren alin e an d saline sol
utions were infused a t a rate o f 30 m l/h. O vine C R F-41
was dissolved in saline c o n ta in in g 0 02% HC1. T he
final oC R F -41 c o n c e n tra tio n w as lOOpg/ml.
Blood sam ples were tak en a t intervals for m easu re
m ent o f p lasm a A C T H (R ees, C o o k , K endall et a l .
1971) and cortisol by rad io im m u n o assay , o f plasm a
adrenalin e by h ig h -p erfo rm an ce liquid c h ro m a to g ra 
phy w ith electrochem ical d etectio n (B ouloux, P errett
& Besser, 1985) a n d o f b lo o d glucose by an a u to 
m ated glucose oxidase technique (T echnicon AA 2
G lu c o se /G L U -C IN E T ). F o r the rad io im m u n o assay
o f plasm a co rtiso l (L. P erry, u n p u b lish ed ), 125I
tracer was p u rch ased from A m ersh am In te rn a tio n a l
(A m ersham , Bucks) an d an tiseru m w as raised in sheep
using cortiso l-3 -carb o x y m eth y lo x im e as im m unogen.
Solvent ex tractio n was o b v iated by using 8-anilino-ln ap h th aien e-su lp h o n ic acid (12 m g/m i) as a blocking
agent. S ep aratio n o f b o u n d an d free ligand was
achieved by ad d in g a second a n tib o d y (ra b b it sheepantiseru m ) follow ed by 5% polyethylene glycol; the
precip itate w as co u n ted in a g am m a co u n ter. A n ti
serum cross-reactions were: 11-deoxycortisol, 0-5% ;
co rtico stero n e, 2-9% an d 17-hydroxyprogesterone,
1-2%. C ro ss-reactio n s w ith all o th e r relevant steroids
tested were less th a n 0 T % . In tra - an d interassay
coefficients o f v ariatio n w ere less th a n 6 an d 10%
respectively for b o th the A C T H an d co rtiso l assays.
T he h e a rt ra te w as calcu lated fro m the electro
card io g ram , a n d the b lo o d pressu re was m easured
sphyg m o m an o m etrically (phases 1 an d 5).
S tatistical assessm ent w as by three-w ay analysis o f
variance (tim e, subject a n d d ru g ) an d individual
tim e-points w ere co m p ared by S tu d e n t’s r-test. A reas
u n d er curves w ere co m p ared by analysis o f variance.
T he d a ta are expressed as m ean s ± s . e . m .
T he study p ro to c o l w as ap p ro v e d by the E thical
C om m ittee o f St B arth o lo m ew ’s H o sp ital. C a rd io 
vascu lar ex am in atio n , electro card io g ram s, ro u tin e
biochem ical a n d h aem ato lo g ical screen an d th yroid
function tests were n o rm a l in all the volun teers.
J. Endocr. (1987) 112, 145-150

RESU LTS

D uring the adrenaline infusions (Fig. 1), plasm a con
cen tratio n s o f adrenaline rose from 0-35 ± 0 08 nmol/1
at —30 m in to 4-3 3 ± 0 -8 2 nmol/1 at 120 min. The
adrenaline infusion was accom panied by an increase
in heart rate (from 58 ± 4 beats/m in at —30 min to
71 ± 3 beats/m in a t 120 m in; R cO O O l) and systolic
blood pressure (from 1 1 8 ± 4 m m H g a t —3 0 min to
1 2 6 ± 3 m m H g at 120 min; R c O O l) and a fall in dias
tolic blood pressure (from 73 ± 4 m m H g at —30 min
to 5 5 ± 7 m m H g at 120 min; JP < 0-05). T he infusion of
adrenaline was also accom panied by a rise o f blood
glucose (from 3-9 ± 0-08 mmol/1 at —30 min to
5-6 + 0 T 5 mmol/1 at 120 min; P < 0 0 0 1 ) . T here was no
stim u latio n o f A C T H or cortisol secretion during the
adrenaline infusion com pared w ith th a t during saline
infusion (Fig. 2). D u rin g the adrenaline infusion, the
plasm a c o n ce n tra tio n o f A C T H was significantly
low er th a n th a t du rin g the saline infusion (P < 0 0 1
by analysis o f variance) at 15 m in ( R e 0-05).
T he oC R F-41 injection was given at 0 m in, at which
tim e plasm a ad renaline was 2-28 ± 0 -2 2 nmol/1 during
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2. E ffects o f salin e an d a d ren a lin e in fu sio n s (h atch ed
bar) o n basal an d o v in e c o r tic o tr o p h in -r e le a sin g factor-41
(o C R F -4 1 )-stim u la ted m ean ( ± s . e . m . ) p la sm a A C T H and
c o rtiso l c o n c e n tr a tio n s. S a lin e or o C R F -4 1 (25 p g) w ere
g iven at tim e 0 (a rro w ) to six n orm al su b jects. O p en circles,
salin e and o C R F -4 1 ; c lo s e d circles, a d ren a lin e (3 p g /m in )
and o C R F -4 1 ; o p e n tria n g les, salin e an d saline; c lo sed
trian gles, sa lin e an d ad ren a lin e.
f ig u r e

the ad ren alin e in fu sio n ( / >< 0 001 c o m p a re d w ith the
c o n c e n tra tio n a t —30 m in ) a n d h a d a lre a d y resu lted
in significant increases in h e a rt ra te ( P < 0 001), sys
tolic b lood p ressu re ( P < 0 02) an d b lo o d glucose
( / >< 0 01) a n d a re d u c tio n in d iasto lic b lo o d p ressu re
( P < 0 05) (Fig. 1). H ow ever, th e A C T H an d co rtiso l
peaks follow ing b o th doses o f o C R F -4 1 d u rin g the
ad ren alin e in fusion w ere n o t significantly different
from those d u rin g th e saline in fu sio n (Fig. 2; the
A C T H an d co rtiso l ch an g es follow ing in jectio n o f
50 pg oC R F -4 1 are n o t show n). F o llo w in g injection
o f 25 pg o C R F -4 1 , A C T H a n d co rtiso l c o n c e n tra tio n s
were significantly ( P < 0 0 1 fo r b o th by an aly sis o f
variance) low er d u rin g th e a d re n a lin e th a n d u rin g the
saline infusions a t 15 m in fo r A C T H ( P < 0 05) a n d at

15 an d 45 m in fo r co rtiso l ( R < 0 02 for b o th ). T h e
area u n d e r the A C T H curve follow ing injection o f
oC R F -41 (25 pg) w as significantly ( jP < 0 0 5 ) sm aller
d u rin g the ad re n a lin e in fu sio n th a n d u rin g th e saline
infusion, b u t the differences in the a re a u n d e r the c o r
tisol curve w ere n o t statistically significant. T here
were no statistically significant differences in the
A C T H o r co rtiso l responses to o C R F -41 (50 pg)
d u rin g the in fusion o f ad re n a lin e o r saline in any o f
the statistical tests used.
F ig u re 3 show s th a t the p e ak o f plasm a A C T H fol
low ing injection o f 50 pg oC R F -4 1 w as g re ate r th an
th a t follow ing in jection o f 25 pg o C R F -41 d u rin g
b o th the saline a n d ad re n a lin e infusions.
N e ith e r dose o f o C R F -4 1 h ad any effect on basal o r
ad ren alin e -in d u ce d ch an g es in h e a rt rate o r b lo o d
pressure. M ean b lo o d glucose c o n c e n tra tio n s at 120
m in d u rin g the in fu sio n o f a d ren a lin e an d oC R F -41
(50 pg) w ere significantly (P < 0 - 0 1 ) hig h er th a n a t the
eq u iv alen t tim e d u rin g the infusion o f ad ren alin e
alo n e (6-2 ± 0 -2 vs 5-6 ± 0 -2 ), p resu m ab ly as a result o f
the acco m p an y in g h y p erco rtiso lae m ia. N e ith e r dose
o f o C R F -41 h a d any effect on b lo o d glucose co n cen 
tra tio n s a t any o th e r tim e.
All subjects re p o rte d an aw areness o f h e a rt b eat
a n d m uscle tre m o r d u rin g the ad ren a lin e infusions.
N o a rrh y th m ia s w ere observed.
J. Endocr. (1987) 112, 145-150
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D ISC U SSIO N

Infusion o f adren alin e in n o rm al subjects had no
stim ulatory effect on A C T H o r cortisol secretion
basally or follow ing the injection o f o C R F -4 1 , even
though the response to the 25 pg dose o f oC R F-41
was subm axim al and therefore capable o f fu rther
enhancem ent. T he plasm a ad ren alin e co n cen trations
achieved durin g the adrenaline infusions were at the
upper limit o f the range w hich has been observed in
norm al subjects and p atients in a variety o f physio
logical and p athological situ atio n s, such as cold
exposure (R o b ertso n , Jo h n so n , R o b ertso n et al.
1979), near m axim al exercise (G ro ssm an , Bouloux,
Price et al. 1984), acu te m yocard ial infarction
(C hristensen & V idebaek, 1974), in p atients in an
intensive care un it (W o rtsm an , F ra n k & C ryer, 1984)
and in septicaem ic p atien ts w ho are n o t shocked
(Benedict & G rah am e-S m ith , 1978). T he adrenaline
infusions were accom panied by the expected m eta
bolic and card io v ascu lar changes. H igher concen
tratio n s o f plasm a ad ren alin e are observed only
in extrem es o f p athological situ atio n s, such as
im pending d eath (W o rtsm an et al. 1984) o r severe
septicaem ia with shock (B enedict & G rah am e-S m ith,
1978), and follow ing the pharm aco lo g ical stim ulus
o f insulin hypoglycaem ia (G ro ssm an , B ouloux,
C lem ent-Jones & Besser, 1986). It is therefore con
cluded th a t circulating ad ren alin e has no physio
logical role in stim u latin g A C T H secretion either
basally o r in the presence o f C R F . T his conclusion is
com patible with o u r previous findings th a t peripheral
a- and [3-adrenoceptor stim u latio n w ith n o ra d re n a 
line, prenalterol an d salb u tam o l was n o t associ
ated w ith activ atio n o f the p itu itary -ad ren al axis
(A l-D am luji et al. 1986 a,b). In c o n tra st, a c o m p ara 
tively lipid-soluble highly selective a t -ad ren o cep to r
agonist, m ethoxam ine, exerted a stro n g stim u latory
effect on A C T H secretion, p resum ably by acting on
hypothalam ic C R F n eurones o r o n .th e ir central con
nections which are inaccessible to hydrophilic agents
which do n o t readily cross the b lo o d -b ra in b arrier,
such as adrenaline (W eil-M alherbe, A xelrod &
Tom chick, 1959) an d n o rad ren alin e (W hitby, A xelrod
& W eil-M alherbe, 1961). M uller-H ess, G eser, Jequier
et al. (1974) an d C lu tter, Bier, S hah & C ryer (1980)
also found th a t adren alin e infusions did not stim ulate
cortisol secretion. T he finding by M uller-H ess et al.
(1974) th at ad ren alin e infusions inhibited cortisol
secretion d u rin g insulin-induced hypoglycaem ia was
. probably secondary to the a tte n u a tio n o f the hypoglycaemic effect o f insulin by ad renaline. E arlier
studies exam ined the effects o f ad ren alin e infusions on
various indirect indices o f cortisol secretion, such as
the eosinophil c o u n t (R ecant, H um e, F o rsh am &
T h o rn , 1950; Ely, Bray, R aile & K elley, 1954; H u n ter,
J. Endocr. (1987) 112, 145-150

Bayliss & Steinbeck, 1955), 17-hydroxycorticosteroids
(Sandberg, N elson, Palm er et al. 1953; Ely et al.
1954; H u n ter et al. 1955; A rner, H edner, K arlefors &
W estling, 1963) and various early A C T H bioassays
(V ernikos-D anellis & M arks, 1962; V ance & Shioda,
1964) with conflicting results.
W hile this study m akes it unlikely th a t peripheral
circulating adrenaline exerts a m ajor stim ulatory
effect on A C T H secretion in m an, the possibility that
the p ituitary gland is exposed to higher concentrations
o f adrenaline directly secreted into p o rtal blood must
be considered. H ow ever, several studies in rats have
reported the co n cen tratio n o f adrenaline in hypophy
sial p o rtal plasm a to be no greater th an th at in per
ipheral plasm a (B en -Jo n ath an , Oliver, W einer et al.
1977; Plotsky, G ibbs & Neill, 1978; C ram er, Parker &
P o rter, 1979; G udelsky & P orter, 1979; Reym ond &
P orter, 1982). In co n tra st to these findings, however,
Jo h n sto n , G ibbs & N egro-V ilar (1983) found that the
co n cen tratio n o f adrenaline in plasm a from the tran
sected p itu itary stalk o f anaesthetized rats was
6 0-90% higher th an the adrenaline concentrations in
peripheral venous plasm a and interpreted this as indi
cating a central source o f adrenaline secretion into the
p o rta l circulation. T he discrepancy m ay be due to
technical factors concerned with the technique o f col
lection, since the source o f adrenaline in the latter
experim ents m ay have been partly derived from the
severed stalk nerves co n taining adrenergic fibres
innervating the po sterio r and neurointerm ediate
lobes. In su p p o rt o f this suggestion is the finding by
R eym ond & P o rte r (1982) th a t the co n centration of
adrenaline in plasm a from a single p o rta l vessel in the
in tact stalk w as low er th an th a t in peripheral plasma.
N evertheless, w hichever o f these views concerning the
ra t prevails, since the m am m alian adenohypophysis
does n ot receive a catecholam inergic innervation
(B jorklund, F alck & R osengren, 1967; Saavedra,
P alkovits, K izer et al. 1975), it appears unlikely that
the a n terio r p itu itary is exposed to higher concen
tra tio n s o f ad renaline th an are found in peripheral
plasm a.
W hile we have found no evidence o f a stim ulatory
effect o f adrenaline infusions on A C T H secretion in
m an in vivo , assessm ent o f the d a ta from rodents is
m ore difficult. Several studies have found no stim u
latory effect o f ad renaline or no rad ren alin e on freshly
dispersed rat adenohypophysial cells in vitro (Gillies &
Low ry, 1978; B riaud, K och, L utz-B ucher & M ialhe,
1979; V erm es, M ulder, Smelik & T ilders, 1980). In
cultured cells, how ever, adrenaline enhances the effect
o f C R F (G iguere & L abrie, 1983; Vale et al. 1983)
and exerts a w eak direct stim ulatory effect on A C TH
secretion (P ettibone & M ueller, 1982; G iguere &
L abrie, 1983; Vale e t al. 1983) with a half-m axim al
effective co n c en tratio n o f approxim ately 10 nmol/1,
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which is at the upper limit o f the physiological range
in rats (K vetnansky, Sun, Lake et al. 1978). The dif
ferences between fresh and cultured cells are difficult
to determine but it is possible that cultured cells may
have undergone some deviations from norm al, such as
‘up-regulation’ o f adrenoceptors in the absence of
catecholamines in their environm ent. Support for this
suggestion comes from the finding that pituitary
P-adrenoceptors undergo desensitization in the pres
ence of catecholam ines (D enef & Baes, 1982; Heisler,
Reisine & Axelrod, 1983). A dm inistration o f ad ren a
line to rats in vivo results in stim ulation o f A C T H
secretion but it is unclear w hether this is a specific
action or is secondary to the hypotension which
followed the adrenaline injection (Knepel, Benner &
Hertting, 1982; Tilders, Berkenbosch & Smelik, 1982).
We have previously observed that a peripheral n o r
adrenaline infusion which increased systolic blood
pressure by 25% was associated with inhibition o f
cortisol secretion in com parison with a saline infu
sion, whereas an infusion o f m ethoxam ine which
increased systolic blood pressure by a similar am ount
was associated with stim ulation o f plasm a cortisol
(Al-Damiuji et al. 1986a,b). This suggested th at per
ipheral adrenoceptor stim ulation o r increase o f blood
pressure per se may inhibit A C TH secretion. O ur
finding in the current study th at the rate o f rise o f
ACTH and cortisol following a subm axim al dose of
oCRF-41 was slowed by an infusion o f adrenaline
suggests that the site o f action o f the inhibitory effect
may be at the level o f the corticotrophs or the m edian
eminence. A possible m echanism for this effect o f
adrenaline might be inhibition o f vasopressin secre
tion, as the latter acts as a synergistic peptide for
oCRF-41 (Gillies, Linton & Lowry, 1982). Inhibition
of vasopressin secretion by noradrenaline infusions
has been dem onstrated in m an (Shim am oto &
M iyahara, 1976).
In conclusion, our data provide no evidence for a
stimulatory effect o f peripheral circulating adrenaline
on basal or C R F-induced A C T H secretion in m an,
but suggest that peripheral adrenoceptor stim ulation
may inhibit A C TH secretion. The m ajor role o f
adrenoceptors on the hypothalam o-pituitary-adrenal
axis in m an is to effect central stim ulation o f A C T H
secretion, involving a locus o f action above the
median eminence.
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Table 1 P harm acokinetic param eters, m ean or m edian values with
s.d. N um ber of subjects for each analysis in brackets
Parameter

Day 1

Day 28

29.74
± 8 .8 2 (1 2 )

30.35
± 7 .0 7 (1 2 )

4.0 (12)
2-6

4.0 (12)
3-6

Cmax (|Ag m l" 1)

M ean
s.d.

tmax (h)

M edian
range

C24 (M-g m l-1 )

M ean
s.d.

1.16
± 0 .7 5 (1 1 )

1.25
± 0 .8 0 (1 1 )

A U C (24) (p.g m l" 1 h)

M ean
s.d.

244.75
± 71.82(11)

253.12
± 77.69(11)

A U C ( 00 )

M ean
s.d.

252.87
± 7 6 .33(11)

267.98
± 83.58(11)

M ean
s.d.

4.4
± 0 .6 3 (1 1 )

4.4
± 0 .6 9 (1 1 )

(h)

‘max

C2 4
A U C (24)
AUC(oo)

m aximum plasm a concentration
tim e of Cmax
plasm a concentration 24 h after the dose
area under the plasm a concentration-tim e curve betw een
0-24 h
area under the plasm a concentration-tim e curve betw een
t = 0—

plasma profiles. Further work is underway to
elucidate this including estimation of protein
binding.
In summary, 14 patients entered this 4 week
open study of sustained release tiaprofenic acid,
600 mg as a single daily dose in the elderly. All
patients completed the study with no serious
adverse events reported. In this study we esti
mated fy* to be 4.4 h on both study days.
With a highly protein bound drug excreted
mainly by the kidney there is the possibility of
accumulation of the drug with increasing age due
to the age related decrease in renal function and
decline in plasma albumin particularly marked
in arthritic patients, with possible resultant in
creased free fraction of the drug.

In our study, however, of 14 elderly arthritic
patients taking sustained release tiaprofenic acid
600 mg as a single daily dose, we found the mean
plasma profiles obtained on days 1 and 28 were
very similar and analysis of the pharmacokinetic
parameters showed no significant differences
between days 1 and 28.
Therefore we could show no significant ac
cumulation of the drug during a 4 week treat
ment period in elderly arthritic patients.
We thank Elisabeth T h ornton, BSc, G areth H ayes,
H N D and Christine R ose, BSc for their help with this
study and Roussel L aboratories for the assay w ork on
tiaprofenic acid.
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Thymoxamine: lack of antihistaminic effects in clinical doses
in man
S. A L -D A M L U J I, A . G R O S S M A N , 1P. T U R N E R & G . M . B E S S E R
D e p a rtm e n ts o f E n d o c rin o lo g y a n d C lin ic a l P h a rm a c o lo g y , St B a rth o lo m e w ’s H o sp ita l, L o n d o n E C 1 A 7B E

T h e p u rp ose o f this study w as to in v estig a te w h eth er th e a x-a d ren o cep to r antagonist
th y m o x am in e p o ssesse s antihistam in ic activity in clinical d o ses in m an , as has b een
rep orted on the gu in ea pig ileu m in vitro. F ive norm al subjects w ere given on three
sep arate o ccasion s in traven ou s in fu sion s o f th y m o x a m in e (0 .1 5 m g k g -1 load in g d o se
fo llo w e d by 0.15 m g k g -1 h - 1 ), chlorp h en iram in e (1 .5 m g lo a d in g d o se fo llo w ed by 1.5 m g
h - 1 ) and norm al saline (p la ce b o ). In traven ou s b olu s d o ses o f histam ine (1 and 2 pig k g - 1 )
w ere given after p retreatm en t w ith prop ran olol 10 m g to b lo ck the (3-adrenoceptor
agonist e ffe cts o f the ca tech o la m in es relea sed by the h istam in e in jection s. H istam in e
caused a d o se -d e p e n d en t red u ction o f FEV x and F V C that w as an ta g o n ised by ch lor
ph en iram ine but n ot by th y m o x a m in e, su g g estin g that th y m o x a m in e has no antihistam inic
activity in th e d o se s used in m an. T h ym o x a m in e caused a sm all en h a n cem en t o f the
b ron ch ocon strictor e ffe ct o f the low er d o se o f h ista m in e. T h e relatively selectiv e action o f
th ym oxam in e m ak es it a su itab le agen t for th e in v estig a tio n o f a x-ad ren ocep tors.

Keywords

th ym oxam in e

h istam in e

lung fu nction

antihistam in es

Introduction
Thymoxamine is one of the most highly selective
available antagonists at postsynaptic cxxadrenoceptors (Drew, 1976). It is a competitive
antagonist of noradrenaline in vitro and has no
agonist activity when given even in very large
doses in vivo (Birmingham & Szolcsanyi, 1965;
Birmingham et al., 1967). The drug has no (3adrenoceptor or serotonergic antagonist action
(Birmingham & Szolcsanyi, 1965) and no signifi
cant a 2-adrenoceptor antagonist activity (Drew,
1976). It is more lipid soluble than endogenous
catecholamines and is able to penetrate the blood
brain barrier (Wada etal., 1982). These properties
of thymoxamine make it an extremely useful
tool for the investigation of central and peripheral
adrenergic and noradrenergic systems in man.
A part from its ax-adrenoceptor antagonist
activity, the only other known pharmacological
effect of thymoxamine is a weak Hx-antihistaminic
action on the guinea pig ileum in vitro (Birming

ham & Szolcsanyi, 1965) but it is unclear whether
this effect is relevant in the doses used in human
subjects. The purpose of this investigation was
to examine whether thymoxamine in the doses
commonly used has any antihistaminic activity
and the model that we have chosen is the bron
choconstrictor effect of intravenously injected
histamine in normal man.
A n intravenous bolus injection of histamine in
normal subjects causes a small, transient increase
in airways resistance that is maximal at 30 to 60 s
(Newball & Keiser, 1973). The rapid reversal of
the airways obstruction may be due to the release
of catecholamines that is caused by the histamine
injection (Smith et al., 1985), causing a compen
satory bronchodilator effect. In support of this
suggestion is the fact that intravenous histamine
injections cause more pronounced bronchoconstriction in adrenalectomised than normal cats
(Colebatch & Engel, 1974) and that pre-treatment
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with propranolol enhances the bronchoconstrictor
effects of histamine in normal man (Ploy-SongSang et al., 1978). The release of catecholamines
by histamine may explain why continuous intra
venous infusions of histamine in normal subjects
are not usually followed by any consistent change
in airways resistance (Brown et al., 1977; PloySong-Sang et al., 1978). Vasodilatation caused
by thymoxamine may also release catecholamines
by a reflex mechanism. In order to eliminate
the antagonistic effects of the released catechol
amines, we pretreated our subjects with pro
pranolol.
Methods
Five medically qualified normal volunteers who
were members of the department were studied
on three occasions each at weekly intervals, at
the same time of day for each subject. The
subjects lay in bed in a semi-recumbent position
in a quiet room with electrocardiographic moni
toring. Thirty minutes after the placing of a
forearm venous cannula, the following infusions
were given in single (subject) blind, random
order for 70 min:
1. Normal saline bolus followed by a con
tinuous infusion
2. Thymoxamine 0.15 mg kg-1 bolus followed
by 0.15 mg kg-1 h-1
3. Chlorpheniramine 1.5 mg bolus followed
by 1.5 mg h-1
Twenty minutes after the commencement of
the continuous infusions, the subjects received
propranolol 10 mg over 10 min intravenously.
At the end of the propranolol infusion the sub
jects were given histamine acid phosphate 1 pg
kg-1 (of the base) and a 2 pg kg-1 bolus was
given at 50 min.
Forced expiratory volume in one second
(FEVx) and forced vital capacity (FVC) were
measured with a Vitalograph dry spirometer at
10 min intervals during the control period, at 30 s
intervals for 3 min following each histamine
injection and at 5 min intervals thereafter. The
coefficients of variation of ten replicate measure
ments in two subjects were: FEVx: 0.6% and
1.85%; FVC: 1% and 1.1%. The heart rate was
calculated from the electrocardiogram and
blood pressure was measured by sphygmomanometry (phases 1 and 5).
The data are expressed as the mean ± s.e
mean. Statistical examination was by analysis of
covariance and individual time points were com
pared by Student’s r-test.
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Results
FEVx ^nd FVC prior to the onset of the saline,

thymoxamine and chlorpheniramine infusions
were: 3640 ± 195 and 4090 ± 183; 3630 ± 224
and 4140 ± 238; 3570 ± 222 and 3980 ± 217 ml
respectively, and were not significantly different
from each other. There were small falls in FEVx,
FVC and heart rate following propranolol during
all three infusions and these reached statistical
significance for heart rate during the thymox
amine and chlorpheniramine infusions and
FEVx during the chlorpheniramine infusion (P
< 0.05, Student’s t-test).
The histamine injections were followed by
dose-dependent reductions in FEVx and FVC
(Figure 1 and Table 1). The chlorpheniramine
infusion was accompanied by smaller falls in
FEVx and FVC than during the saline infusion
following both doses of histamine. There was no
attenuation of the falls in FEVx or FVC during
the thymoxamine infusion compared with saline.
The mean maximum histamine-induced falls in
FEVx and FVC were greater during the thym
oxamine infusion than during saline (Table 1),
but the differences were only significant for FVC
following the 1 pg kg-1 dose of histamine. The
differences between thymoxamine and saline
were not significant by analysis of covariance.
Mean heart rate was slightly faster during the
thymoxamine infusion than during chlorphenir
amine and saline, but the differences were not
statistically significant. Neither drug had any
significant effect on blood pressure in comparison
with saline. The subjects experienced a metallic
taste, headache and facial flushing following the
histamine injections. No arrhythmias or hypo
tensive episodes were observed.
Discussion
The bronchoconstrictor effect of histamine was
inhibited by the Hx-receptor antihistamine
chlorpheniramine, confirming that it is mediated
by an Hx-receptor histaminic effect. Thymox
amine did not attenuate histamine induced
bronchoconstriction, suggesting that the pre
viously observed Hx-antihistaminic effect in vitro
is not relevant in man, in the doses used clinically.
The dose of thymoxamine used in this study
produces effective blockade of ax-adreno
ceptors; similar doses abolish the cardiovascular
and hormonal responses to the ax-adrenoceptor
agonist methoxamine and significantly reduce
the pituitary-adrenal responses to some physio
logical stimuli, which is compatible with block
ade of ax-adrenoceptors (Al-Damluji et al.,

98

S. Al-D am luji et al.

-

100

LLI
U_

1 10r

*

100

. ft

T

t ---’
*- - 1

90

Histamine
Propranolol 10 mg

t

t

1 jj.g kg-1

2 jxg kg 1

-I

saline/thymoxamine/chlorpheniramine
i

1

i

i

t

0

10

20

30

40

i

50

i

j

60

70

Time (min)
Figure 1 T he effects of thym oxam ine, chlorpheniram ine and saline on the bronchoconstrictor action of
intravenous histam ine in five norm al subjects. The three infusions were given throughout the study period
and propranolol 10 mg was given from 20 to 30 min. The F E V i and FV C data are expressed as the
percentage of the value at 0 min and only standard e rror bars greater than 2% are shown, o thym oxam ine
0.15 mg kg-1 bolus + 0.15 mg kg-1 h - 1 , ▲chlorpheniram ine 1.5 mg kg-1 bolus + 1.5 mg h _1, • saline.

Table 1 The relationship o f histam ine dose to bronchoconstrictor action, expressed as the percentage change in
FEV ! and FV C from the values im m ediately preceding the histam ine injection. Values are m eans ± s.e. m ean
H istam ine dose
(p-g k g -1 )

Percentage change in F E V )

Percentage change in FVC

Saline

1
2

- 6 .0 ± 1.2
- 9 .4 ± 1.6

- 5 .0 ± 1.8
- 9 .5 ± 1.1

Chlorpheniram ine

1
2

- 0 .3 ± 2.0
- 4 .6 ± 1.2

+ 1.0 ± 2.5
- 4 .5 ± 1.1*

Thym oxam ine

1
2

- 7 .8 ± 0.4
- 9 .7 ± 2.4

- 9 .4 ± 0.7*
- 1 1 .4 ± 2.2

Infusion

* P < 0.05, S tudent’s r-test vs equivalent histam ine dose during saline infusion.

1987a,b,c). The mechanism of the slight en
hancement by thymoxamine of the bronchocon
strictor action of histamine may be due to bron
choconstrictor o^-adrenoceptor activation by
endogenous catecholamines, released as a reflex
effect to thymoxamine-induced vasodilatation
(Mathe et al., 1971). Pretreatment with pro
pranolol would be expected to block the bronchodilator effects of the released catecholamines,
but the blockade of bronchial a r adrenoceptors

with thymoxamine may have been incomplete.
An effect of thymoxamine on the metabolic
clearance of histamine is also possible.
Investigations of the interaction of a-adrenoceptor antagonists and histamine in asthmatic
patients have yielded conflicting results. Kerr et
al. (1970) found that intravenous injections of
phentolamine and phenoxybenzamine inhibited
the bronchoconstrictor response to intravenous
histamine in asthmatic subjects, but Pegelow
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(1974) could not confirm these findings using
inhaled phentolamine. The effects of phentolamine and phenoxybenzamine are difficult to
interpret in view of their multiple actions; in
addition to their antihistaminic effects, the 0 12 adrenoceptor antagonist activity of phentolamine
in particular may release endogenous catechol
amines, resulting in bronchodilatation by acti
vating bronchial (3-adrenoceptors, which are
not blocked by these two antagonists. Phentol
amine does not inhibit the bronchoconstrictor
effects of histamine on human bronchial muscle
in vitro (Mathe et al., 1971), confirming that the
effects of phentolamine in vivo may be exerted
indirectly, possibly via a 2-adrenoceptors.
Thymoxamine does not have significant a 2adrenoceptor antagonist activity (Drew, 1976),
but a r adrenoceptor antagonism causes vaso
dilatation, resulting in release of catecholamines.
Thus the findings by previous investigators that
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thymoxamine attenuated the bronchoconstrictor
effects of inhaled histamine may be explicable
on the basis of release of endogenous catechol
amines caused by the vasodilatation following
the administration of thymoxamine, that is
apparent on examining their data (Gaddie et al.,
1972; Bianco et al., 1972). This problem was
avoided in our studies by pretreating the sub
jects with propranolol, to block the (3-adrenoceptor effects of endogenous catecholamines.
In summary, our data provide no evidence for
a major antihistaminic effect of thymoxamine
in clinical doses. The drug should be a useful
agent in the investigation of ai-adrenoceptor
mechanisms in man, in view of its relatively
selective actions.
S. A l-D am luji was a M edical R esearch Council T rain
ing Fellow.
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Does regular treatment with ketotifen inhibit bronchoconstriction induced by isocapnic hyperventilation?
P. R A FF E R T Y , P. M. T W E E D D A L E , R. J. F E R G U SO N , B. A. BIGGS & I. W. B. G R A N T
N orthern G eneral H ospital, Ferry R oad, Edinburgh and D epartm ent of R espiratory Diseases, University of
Edinburgh, Edinburgh

Eight asthmatic patients completed a 12-week, double-blind, placebo controlled study to
assess the efficacy of ketotifen, 1 mg twice daily, in the inhibition of bronchoconstriction
induced by isocapnic hyperventilation (IH). There was no significant difference in the
degree of bronchoconstriction produced by IH after treatment with ketotifen or placebo.
Keywords

ketotifen

isocapnic hyperventilation

bronchoconstriction

Introduction
Ketotifen is a benzocycloheptathiophene
derivative which is a potent antihistamine in vivo
(Craps et al., 1978; Esau et al., 1984) and has
been shown to act as a mast cell stabilizer in vitro
(Martin & Romer, 1977). Several studies have
demonstrated inhibition by ketotifen of histamineinduced (Craps et al., 1978) and allergen-induced
(Craps et al., 1978; Palmen, 1983) bronchocon
striction, but reports of its efficacy in exerciseinduced asthma (EIA) are conflicting (Craps et
al., 1978; Dorward & Patel, 1982; Petheram et
al., 1981; Kennedy etal., 1980; Lilja etal., 1983).
Most of these studies were performed after 3
weeks or less of treatment with ketotifen and it
has been suggested that the maximum effect may
not be achieved until 5 weeks after treatment
has been commenced (Gobel, 1978).
Isocapnic hyperventilation (IH) is thought to
produce its effects on asthmatic airways in a
manner analogous to that of exercise, namely
cooling and drying of the airways (Zeballos et
al., 1978; McFadden & Ingram, 1979). We now
report on a 12 week, double-blind, placebocontrolled crossover study performed to assess
the efficacy of ketotifen, 1 mg twice daily, in
inhibiting bronchoconstriction induced by IH.
Methods
Twelve mild asthmatics (five males, seven fe

males, mean age 28.6 ± 9.3 years) entered the
study with their informed consent. They had a
mean forced expiratory volume in one second
(FEVx) on entry of 3.15 ± 0.971 min-1 (mean ±
s.d.). All gave a history of EIA and had previously
been shown to develop significant bronchocon
striction (greater than a 15% fall in FEVx) follow
ing 6 min of IH. Their asthma was controlled
using inhaled (32-adrenoceptor agonists with or
without inhaled corticosteroids. Those patients
on treatment with sodium cromoglycate or theo
phylline preparations were excluded from the
study.
At the start of the study IH was performed as
previously described (Tweeddale et al., 1981).
The target hyperventilation rate for each indivi
dual was set as the 4 min maximum voluntary
ventilation (predicted from FEVx by the formula
of Clark etal., 1969). The method was modified
to cool the dry inspired air to 6-10° C by passing
the gas through a heat exchanger containing ice.
Measurements of FEVx were made before IH
and at 1, 5, 10 and 15 min thereafter. On each
occasion the highest value of three technically
acceptable manoeuvres was recorded. This pro
cedure was repeated at the same time of day 6
and 12 weeks later.
During the first 6 week period patients were
allocated to receive either ketotifen (1 mg) or
placebo capsules, one twice daily, and during the
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SU M M A RY

We have studied the role o f central a lp h a -1 adrenoceptor mechanisms which
stimulate cortisol secretion th rou gh o ut the 24 h period in man. Six normal
subjects were given 24 h i.v. infusions o f the a lp h a -1 adrenoceptor agonist
methoxamine, the a lp h a -1 antagonist thymoxamine, and saline under double
blind conditions. The only cardiovascular effects of these adrenergic m anip ula
tions was a slight bradycardia accom panying the m ethoxamine infusion. The
m ethoxam ine infusion was accom panied by higher concentrations o f cortisol
than the saline infusion during waking hours and the food related secretory
surges were exaggerated, while the converse held with thymoxamine. In
contrast, the nocturnal surge o f cortisol secretion was unaffected by these
adrenergic manipulations. These findings suggest that an a lp h a -1 adrenoceptor
mechanism contributes to the maintenance o f cortisol secretion during waking
hours, but not at night.
An anatom ical relationship seems to exist between the central noradrenergic system and
the hypothalam o-pituitary adrenal axis (Mezey et a l., 1984) but its functional significance
is poorly understood. Previous investigations have dem onstrated that a highly selective
a lp h a -1 adrenoceptor agonist, m ethoxamine, stimulated A C T H secretion in m an in a
dose-dependent m ann er and the effect was blocked by thymoxamine, a highly selective
a lp h a -1 adrenoceptor antagonist th at crosses the blood brain barrier (Al-Damluji et al.,
1985, 1986). The only other know n pharmacological effect o f thymoxamine is a weak H - 1
antihistaminic action, but the cortisol response to m ethoxam ine was unaffected by the
powerful H -l antihistam ine chlorpheniram ine (Al-Damluji et al., 1986). N oradrenaline,
an a lp h a -1 agonist that does not cross the blood brain barrier, was devoid o f any
stim ulant action on cortisol secretion, suggesting that the site o f action o f m ethoxamine is
Correspondence: D r S. Al-D am luji, D epartm ent o f Endocrinology, St Bartholom ew ’s H ospital, London,
EC1A 7BE.
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on the hypothalamus or its central connections (Al-Damluji et al., 1985, 1986). Further
studies using alpha-2 and beta adrenoceptor agonists and antagonists showed that these
properties of noradrenaline did not account for the differences from methoxamine (AlDamluji et al., 1986). This control mechanism of ACTH in man differs from that reported
in the dog where stimulation of adrenoceptors is said to inhibit A CTH secretion (Van
Loon et al., 1971). This study was aimed to investigate whether the demonstrated
stimulant alpha-1 adrenoceptor mechanism in man is physiologically relevant in the
control of secretion of ACTH under basal conditions during the 24 h period.

M ETHODS
Six normal male subjects aged 22-31 years attended on three separate occasions at least 7
days apart, having fasted from midnight, and had an i.v. cannula inserted in each arm at
0800 h for blood sampling and drug infusion. The continuous infusions were given via
portable syringe pumps and the subjects were fully ambulant but were confined to the
ward. They were allowed to engage in light activities such as reading or watching
television but did not exercise. The timing and content o f their meals were standardized
and no food or drink was allowed apart from those times. The subjects went to bed at 2300
h and the lights were extinguished between 2330 h and 0600 h the following morning. At
0700 h the subjects got out of bed and the study terminated at 0900 h. Blood samples were
taken hourly during the waking period and an extra sample was taken 30 min after
commencing each meal. Samples were taken at two-hourly intervals between 2400 h and
0600 h without disturbing the sleeping subjects. Pulse rate and blood pressure
(sphygmomanometry, phases 1 and 5) were taken in the supine position at hourly
intervals during waking hours and two-hourly between 2400 h and 0600 h, and in the
standing position at hourly intervals during waking hours.
The following i.v. infusions were given double-blind in random order: (1) normal saline
5 ml bolus followed by 20 ml infused continuously over 24 h; (2) thymoxamine 0-1 mg/kg
in 5 ml saline bolus followed by 2-4 mg/kg in 20 ml normal saline over 24 h (0-1 mg/kg/h);
(3) normal saline 5 ml followed by methoxamine 60 mg in 20 ml normal saline over 24 h
(2-5 mg/h).
Plasma cortisol was measured by radioimmunoassay. The lower limit of detection of
the assay is 50 nmol/1 and the intra-assay and interassay coefficients of variation were
6-5% and 10-2% respectively.
Statistical examination was by analysis of covariance of the area under the curve and
individual time points were compared with Student’s /-test. The results are expressed as
m ean s+ SEM.
The study was approved by the Ethical Committee of St Bartholomew’s Hospital and
informed, written consent was obtained from the subjects. Physical examination and
haematological and biochemical screen defore entry into the study revealed no
abnormalities in any subject.
RESULTS
Mean plasma cortisol at 0900 h before the infusions o f saline, methoxamine and
thymoxamine were 344 + 63, 284 + 28 and 297 + 44 nmol/1 respectively, and were not
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Fig. 1. The effects o f infusions of methoxamine ( a ), thymoxamine (O) and saline ( • ) on the
circadian pattern of plasma cortisol (mean + SE M ) in six normal subjects. C, Coffee; L. lunch; T,
tea; S, supper; D. milk drink; B, breakfast.
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Fig. 2. The effects of infusions of methoxamine ( ----- ), thymoxamine (
)and saline (-------) on
supine heart rate and blood pressure (mean ± SEM) in six normal subjects. Abbreviations as in
Fig. 1.

significantly different from each other (Fig. 1). During the saline infusion, plasma cortisol
fell after 0900 h but rose following the ingestion o f lunch and there were other minor peaks
during the remainder of the waking hours, superimposed upon the general decline of
cortisol concentrations. The expected surge in cortisol secretion was observed by 0400 h,
reaching a peak between 0600 h and 0800 h and declining thereafter. Mean plasma
cortisol concentrations were higher during the methoxamine infusion than during saline
from 1200 h until 2300 h and the mean area under the curve from 0900 to 2300 h was
significantly greater for methoxamine than that for saline (F><0-05). During the
thymoxamine infusion, mean plasma cortisol concentrations were consistently lower than
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during the saline infusion for the whole of the waking period between 0900 h and 2300 h
and the mean area under the curve was significantly less than that for saline (PcO-02).
There were no significant differences in the mean area under the curve in the period 2400 h
to 0900 h between either drug and saline ( P > 0 1 for both).
Neither drug exerted any significant effect on systolic or diastolic blood pressure in the
supine or standing position in comparison to saline (Fig. 2: heart rate and blood pressure
in standing position not shown). The methoxamine infusion was associated with a small
but significant bradycardia in comparison to saline (mean area under the curve P < 0 0 5
throughout the study period) but the differences between thymoxamine and saline were
not statistically significant.
No symptoms were experienced during the infusions of saline or thymoxamine. The
methoxamine infusion was accompanied by a sensation of piloerection in five subjects and
a slight sensation of urethral tightness in two subjects.
D IS C U S S IO N
Our finding that cortisol secretion during waking hours is enhanced by continuous
infusions of methoxamine and attenuated by thymoxamine suggests the existance of an
alp h a-1 adrenoceptor mechanism that is responsible at least in part for the maintenance
of the activity of the hypothalamo-pituitary adrenal axis during waking hours in man.
Previous studies had demonstrated that the changes in cortisol secretion after alpha-1
adrenoceptor stimulation depend on modulation of A CTH release (Al-Damluji et al.,
1985, 1986). No important side-effects or haemodynamic changes were observed to
account for the differences in cortisol concentrations between the two drugs and saline.
Thymoxamine infusion was associated with a slightly faster mean heart rate than was
saline infusion as might be expected from peripheral alp ha-1 adrenoceptor antagonism,
although the differences were not statistically significant. If peripheral vasodilator effects
of thymoxamine, rather than any central effects were involved, there would be an increase
in cortisol secretion since hypovolaemia is a potent stimulus to A CTH release (Egdahl,
1961; G ann & Egdahl, 1965); however, attenuation of cortisol secretion was seen,
suggesting that any cardiovascular effects of this drug were unimportant. The only other
known pharmacological effect of thymoxamine is a weak H-l antihistaminic effect
(Birmingham & Szolcsanyi, 1965) but we have demonstrated that the stimulant effect of
methoxamine on cortisol secretion is unaltered by concomitant administration of
chlorpheniramine (Al-Damluji et al., 1986), confirming that the stimulant effect of
methoxamine on the pituitary adrenal axis is mediated by a lp h a-1 adrenoceptors and that
histaminic receptors are unlikely to play a part in the effects that we have observed.
Thymoxamine has no effect on cortisol half-life or the adrenal responsiveness to i.v.
injections of A CTH in man (Rees, 1972) so it is unlikely that the observed effects are
caused by alterations of blood flow or metabolic clearance. There was an increase in
cortisol concentrations following the ingestion o f lunch, as has been described by
Brandenberger & Follenius (1973) and Quigley & Yen (1979). This effect was enhanced by
methoxamine and attenuated by thymoxamine, suggesting that it is mediated at least in
part by an alpha-1 adrenoceptor mechanism.
In contrast to the findings during waking hours, the alpha adrenergic manipulations
exerted no significant effect on the nocturnal surge o f cortisol secretion in our normal
subjects, suggesting that this is mediated by non-adrenergic mechanisms. In support of
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this conclusion are the findings that agents that deplete brain noradrenaline such as
reserpine, 6-hydroxydopamine and alpha methyl paratyrosine do not abolish the
nocturnal surge of corticosteroid secretion in cats and rats (Krieger & Rizzo, 1969; Abe &
Hiroshige, 1974). Szafarczyk et al. (1985) found that stereotaxic injections of 6hydroxydopamine into the ventral noradrenergic bundle of the rat that resulted in a
reduction of hypothalamic noradrenaline were accompanied by abolition of the circadian
rhythm of plasma ACTH , but unfortunately, the effects of these lesions on the
concentrations of other hypothalamic neurotransmitters was not assessed. Atropine and
cyproheptadine have been found to attenuate the nocturnal rise of corticosteroid
secretion in cats and in man and these findings have been interpreted as evidence for
involvement of cholinergic and serotonergic mechanisms in the nocturnal activity of the
hypothalamo-pituitary adrenal axis (Krieger et al., 1968; Krieger & Rizzo, 1969; Chihara
et al., 1976). An alternative explanation, that the a lp h a-1 adrenoceptors had undergone
some form of desensitization following several hours of exposure to the agonist and
antagonist seems unlikely in view of persistence of the bradycardia that was associated
with the methoxamine infusion. This indicates continued responsiveness of the peripheral
vascular alp h a-1 adrenoceptors throughout 24 h of exposure to the agonist.
These studies suggest that a lp h a-1 adrenoceptor stimulant mechanisms located within
the blood brain barrier play a role in maintaining the activity of the pituitary adrenal axis
throughout the waking hours in man, but do not determine the resumption of ACTHcortisol secretion in the second half of the night. The effects we have demonstrated are
probably effected by modulation of secretion of a hypothalamic corticotrophin releasing
factor.
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( R eceived 24 O cto b e r 1986; retu rn ed f o r revision 7 N o vem b er 1986; fin a lly re vised 8 D ecem b er 1986;
a c c e p te d 17 D ecem b er 1986)

SUM M ARY

F o o d ingestion stim ulates cortisol secretion in m a n , b u t the m ech an ism o f this
effect is u n k n o w n . W e have investigated the possible role o f a d re n o c e p to rs in the
m e d ia tio n o f this effect. Six n o rm a l m ales were given c o n tin u o u s 3 h i.v.
infusions o f n o rm a l saline, m e th o x a m in e ( a lp h a - 1 a d re n o c e p to r agonist) an d
th y m o x a m in e ( a lp h a - 1 a d re n o c e p to r an tag o n ist). M e th o x a m in e e n h an c e d a n d
th y m o x a m in e a tte n u a te d the A C T H a n d cortisol responses to a s ta n d a rd meal
given 60 m in after c o m m e n c e m e n t o f the infusion. T h e d ru gs h a d no effect on
n u trien t a b s o rp tio n . F o u r p a tie n ts w ith recent onset o f p itu ita ry A C T H
deficiency a n d n o rm a lly responsive a d re n al g lands show ed no A C T H o r cortisol
rises after the s ta n d a rd m eal, d e m o n s tra tin g th a t p o s tp ra n d ia l cortisol secretion
is m ed iated by p itu ita ry ra th e r th a n gut A C T H . O u r previous investigations
have d e m o n stra te d th a t a l p h a - 1 a d re n o c e p to rs stim ulate p itu ita ry A C T H
secretion in m a n by an a ctio n w ithin the b lo o d b rain barrier. W e therefore
c o n clu de th a t p o s tp ra n d ia l cortisol secretion is m ed iated by central s tim u la n t
a l p h a - 1 a d re n o c e p to rs m o d u la tin g p itu ita ry A C T H secretion.
O u r previous investigations in m a n (A l-D am luji et a l., 1986, 1987a) d e m o n stra te d th a t
m e th o x a m in e, a lipid soluble a n d highly selective a l p h a - 1 a d re n o c e p to r agonist,
stim ulated A C T H secretion a n d the effect was blocked by the a l p h a - 1 a d re n o c e p to r
a n ta g o n ist th y m o x a m in e , which crosses the b lo o d b rain b a rrie r (W a d a e t al., 1982). T he
effect was n o t re p ro d u c ed by n o ra d re n a lin e , a hyd rop h ilic a l p h a - 1 a d re n o c e p to r agonist
that reaches the p itu ita ry gland following an i.v. injection b u t does n o t cross the blo o d
b rain b a rrie r (W eil-M alherbe et al., 1961; W h itb y et al., 1961). F u r th e r investigations
d e m o n stra te d th a t the alph a-2 a n d b e ta -a d re n o c e p to r a g o nist p ro p erties o f n o r a d r e n a 
line did n o t a c c o u n t for the differences from m e th o x a m in e (A l-D am luji et al., 1986,
C orrespondence: D r S. A l-D am luji, D ep a rtm e n t o f E ndocrinology, St B artholom ew 's H ospital, L ondon
EC1A 7BE, U K .
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1987a). Peripheral adrenoceptor stimulation with adrenaline did not enhance the action
o f synthetic ovine corticotrophin releasing factor (CRF)-41 in m an in vivo (Al-Damluji et
al., 1987b), in contrast to the findings in cultured rat pituitary cells in vitro (Vale et al.,
1983). Thus a lp h a -1 adrenoceptors stimulate A C T H secretion in m an at a site o f action
within the blood brain barrier, presum ably by m odulating the secretion o f the C R F
complex. In order to investigate w hether the stim ulant a lp h a -1 adrenoceptors are
physiologically relevant in the control o f A C T H secretion, we have also studied the effects
o f adrenoceptor m anipulations on the 24-h cortisol secretory pattern in norm al subjects.
M ethoxam ine enhanced and thym oxam ine reduced the cortisol secretory peaks during
waking hours in com parison to saline, suggesting the existence o f an a lp h a -1 adrenocep
tor mechanism that m aintains cortisol secretion during waking hours (Al-Damluji et al.,
1987c). Fo o d ingestion stimulates cortisol secretion in m an by an unknow n mechanism,
so the current study was designed to investigate the role o f a lp h a -1 adrenoceptors in the
mediation o f this effect.

M ETHODS
Six norm al male subjects (aged 25-32 years) were studied on three occasions each starting
at 1100 h, 1 h after the placing o f two i.v. forearm cannulae. Blood samples were taken at
10-min intervals for 3 h for radioim m unoassay o f plasm a cortisol (Al-Damluji et al.,
1987b) and A C T H (Rees et al., 1971) and blood sugar by the glucose oxidase method.
Plasma try p to p h an was m easured by high pressure liquid chrom ato graph y (4-6 x 100 mm
column o f 3 micron O D S Hypersil) and fluorimetric detection (excitation and emission
wave lengths 220 and 370 n M , respectively) after precipitation o f serum proteins with 5%
trichloroacetic acid (S. Al-Damluji & D. Perrett, unpublished observations). After the
first blood sample, the following i.v. infusions were given in double-blind, random order:
norm al saline; m ethoxam ine 1 /ig/kg/min; thym oxam ine 0-15 mg/kg bolus and 2-5 yug/kg/
min. The infusions were continued until the end o f the study. The bolus doses were given
in a volume o f 2 ml and the infusions in 40 ml. Blood pressure (sphyginom anom etry) was
recorded at 30-min intervals th ro u g h o u t the study. Sixty minutes after com m encem ent o f
the study, the subjects were given a standard lunch consisting o f chicken, vegetables, milk
and an apple (0-98 g protein/kg body weight, 0-74 g/kg carbohydrate, 0-53 g/kg fat and
11-5 Cal/kg).
F o u r patients with recent onset o f pituitary A C T H deficiency (hypopituitarism
associated with a plasm a cortisol concentration at 0900 h less than 100 nmol/1) were
studied for 3 h each, during which blood samples were collected at 10-min intervals and
the same standard meal was given at 60 min. The cause o f hypopituitarism was
transsphenoidal removal o f a corticotrophic tu m o u r in two patients, postradiotherapy
for a m acroad en om a in one patient and a m acro adeno m a compressing the pituitary stalk
in the fourth patient. Only two o f the patients had received glucocorticoid replacement
and this was stopped 60 and 72 h before the studies, respectively. To assess adrenocortical
responsiveness, each patient received an i.v. injection o f a physiological dose o f A C T H as
250 ng tetracosactrin (ai _ 24 A C T H ) (L andon et al., 1967) and blood samples were taken
before and at 10-min intervals for 30 min following the injection for cortisol assay.
Adrenocortical responsiveness was studied in six norm al subjects in an identical m anner
for com parison. This dose o f A C T H is submaximal (L andon et al., 1967).
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The A C T H and cortisol assays have lower limits o f detection o f 10 ng/1 and 50 nmol/1,
respectively. The intra-assay and interassay coefficients of variation for both assays are
6% and 10%, respectively. The coefficients of variation of the tryptophan assay are 3%.
Statistical examination was by analysis o f variance o f the area under the curve and
basal concentrations were compared by Student’s /-test. The data are expressed as
means + SEM. F o r the purpose of calculations, undetectable A C T H and cortisol values
were taken as 10 ng/1 and 50 nmol/1, respectively.
The study was approved by the ethical committee o f St B artholomew’s Hospital and
informed consent was given by the patients and normal subjects. Physical examination,
electrocardiogram and a haematological and biochemical screen (urea, electrolytes, liver
and thyroid function tests) were normal in all the subjects. The am o un t of blood taken
from each normal subject over the whole study was 570 ml and from each patient 200 ml.
RESULTS
Mean values o f plasma A C T H and cortisol before the saline infusion were 16*7 ±1*5 ng/1
and 135 ± 19-5 nmol/1, respectively, before the methoxamine infusion 20-9 + 2-5 ng/1 and
213-3+12-4 nmol/1, and before the thymoxamine infusion 17-5 + 2-1 ng/1 and 187-5 + 25-3
nmol/1. D uring the first hour o f the study, the areas under the plasma A C T H and cortisol
concentration curves during the methoxamine infusion were slightly but significantly
greater than those during saline (Fig. 1; A C TH : PcO -025, cortisol: P < 0 0 1 ) but the
thymoxamine infusion had no effect on either horm one in that period. At 60 min, just
before ingestion o f lunch, plasma A C T H and cortisol concentrations during the infusion
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Fig. 1. The effects o f m ethoxam ine ( a ; 1 /zg/kg/min), thymoxamine (O; 0T5 mg/kg bolus+ 2-5
jzg/kg/min) and saline ( • ) on the ACTH and cortisol responses to food ingestion in six norm al
subjects. The infusions were given continuously throughout the study and lunch was given at 60
min. Values shown are m ean ± S E M .
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Fig. 2. The effects o f m ethoxam ine ( a ), thym oxam ine (O) and saline ( • ) on the blood glucose and
plasm a try p to p h an responses to food ingestion in six norm al subjects. The infusions were given
continuously th ro u g h o u t the study and lunch was given at 60 min. Values shown are
m ean ± SEM .

o f saline, m ethoxam ine and thym oxam ine were: 17-3 + 3-9 ng/1 and 155+ 17-6 nmol/1;
28-6 + 3-7 ng/1 and 218-3+18-2 nmol/1; 14*6+ 1 6 ng/1 and 114-8+11-2 nmol/1, respec
tively. N one o f these values was significantly different from those during saline. Following
the ingestion o f lunch, plasm a A C T H and cortisol rose during all three infusions.
However, the m ethoxam ine infusion was accom panied by higher plasm a A C T H and
cortisol concentrations than during saline, while the thym oxam ine infusion was
accom panied by lower concentrations o f b oth A C T H and cortisol; the differences in each
case were statistically significant (analysis o f variance o f area under the curve, drug vs
saline: m ethoxamine: A C T H P c O -O l, cortisol P < 0-001; thymoxamine: A C T H
/ ><0-025, cortisol: P < 0 -0 0 1 ).
M ean blood glucose concentrations before the infusion o f saline, m ethoxam ine and
thym oxam ine were 4-1 + 0 -2 , 3-9 + 0 1 and 3*9 + 0 1 mmol/1, respectively. Blood glucose
rose following lunch ingestion during all three infusions (Fig. 2) but there were no
significant differences between the values during the two drug infusions and saline.
Plasma try p to p h an concentrations before ingestion o f lunch during the infusion o f saline,
m ethoxam ine and thym oxam ine were 58-7 + 5-9, 61-9 + 6-9 and 60-5 + 9-7 /imol/1,
respectively. Plasma try p to p h an concentrations increased following lunch ingestion
during all three infusions but the differences in plasm a try p to p h an concentrations
between the two drugs and saline were not statistically significant.
N either drug exerted any effect on systolic or diastolic blood pressure in com parison to
saline. The m ethoxam ine infusion was accom panied by a mild sensation o f pilo-erection
but no o th er side-effects were encountered.
In the hypopituitary patients, plasm a cortisol increments following the injection o f 250
ng oci—2 4 A C T H were: 310, 200, 150 and 130 nmol/1 (undetectable basal cortisol was
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Fig. 3. The effect of lunch ingestion on plasma cortisol in six normal subjects (shaded area
mean ± 2 SD) and four patients with pituitary ACTH deficiency and responsive adrenal glands.
The left panel shows the plasma cortisol responses to a physiological dose of ACTH in the four
patients.

regarded as 50 nmol/1). In the six normal subjects, the range of plasma cortisol increments
following the injection of 250 ng ai _ 2 4 A C TH was 130 to 190 nmol/1 (mean 157 nmol/1).
There was no rise in plasma A C TH or cortisol in any o f the patients following lunch
ingestion (Fig. 3, cortisol data).
D IS C U S S IO N
Mid-day and evening surges of cortisol secretion were noted in the early studies that
employed frequent blood sampling techniques in studying the circadian rhythm of
cortisol secretion in man (Perkoff et al., 1959; O rth et al., 1967; Krieger et al., 1971;
Weitzman et al., 1971). Brandenberger & Follenius (1973) related the mid-day surge to
ingestion of lunch and their conclusions were confirmed by other investigators (Quigley &
Yen, 1979; Slag et al., 1981). The relationship of A C TH to postprandial cortisol secretion
in man has been the subject o f controversy. Slag et al. (1981) found a small rise o f plasma
A CTH following food ingestion but their findings could not be confirmed by Fehm et al.
(1983). We now show that the postprandial cortisol secretory surge is indeed preceded by
an A CTH surge. The inability of the earlier study to demonstrate an A C TH increment
may be related to inadequate assay sensitivity. The source of postprandial A C TH
secretion could be the pituitary gland or the gastrointestinal tract, parts of which contain
immunoreactive A C T H that is indistinguishable immunologically and on gel chrom ato
graphy from pituitary A CTH (Larsson, 1977, 1979). However, our finding that patients
with pituitary A C TH deficiency but normally responsive adrenal glands are unable to
mount a postprandial cortisol response suggests that postprandial cortisol secretion is
mediated by pituitary rather than gut ACTH . The hum an stomach and pancreas contain
immunoreactive C R F (Nieuwenhuijzen Kruseman et al., 1982, 1984; Petrusz et al., 1983;
Suda et al., 1984), but there is no detectable rise in immunoreactive C R F in plasma
following lunch ingestion in normal human subjects (Cunnah et al., 1986).
M ethoxamine and thymoxamine are highly selective in their actions on a lp h a-1
adrenoceptors (Birmingham & Szolcsanyi, 1965; Starke et al., 1975; Drew, 1976).
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Thymoxamine has weak H -l antihistaminic activity on the guinea pig ileum in vitro
(Birmingham & Szolcsanyi, 1965). However, we have found that in the doses used in this
study, thymoxamine does not attenuate the bronchoconstrictor effects of i.v. histamine
(Al-Damluji et al., 1987d), suggesting that the weak antihistaminic activity observed in
vitro is not relevant in the doses used in man. W hen given in large doses in experimental
animals, methoxamine may have beta-adrenoceptor antagonist activity (Karim, 1965)
but this is not the mechanism by which it stimulates A C T H secretion in man as the effect is
completely abolished by thymoxamine (Al-Damluji et al., 1986, 1987a) which is devoid of
activity at beta-adrenoceptors (Birmingham & Szolcsanyi, 1965).
After the ingestion of lunch, plasma A C T H and cortisol concentrations were higher
during the methoxamine infusion than during saline, suggesting that methoxamine
enhanced the horm onal responses to food ingestion; however, the A C T H and cortisol
concentrations before eating were already somewhat higher during the methoxamine
infusion than during the saline infusion. The finding that A C T H and cortisol secretion is
clearly reduced by thymoxamine confirms that postprandial A C T H secretion is mediated
at least in part by a lp h a -1 adrenoceptors. The drugs exerted no effect on blood pressure
and no serious side-effects were observed. Neither drug interfered with nutrient
absorption; we chose tryptophan as an index o f protein absorption as it is an amino acid
that has been shown to stimulate cortisol secretion in man (Modlinger et al., 1980). It is
therefore unlikely that the effects o f these adrenergic manipulations on food-induced
A C T H secretion are exerted on the gastrointestinal tract. We have previously dem on
strated that a lp h a -1 adrenoceptors stimulate pituitary A C T H secretion and that their
action is exerted not directly on the pituitary gland or in the periphery, but more likely
within the blood brain barrier. We therefore conclude that postprandial cortisol secretion
is mediated by central stimulant a lp h a -1 adrenoceptors.
The mechanisms mediating postprandial cortisol secretion are obscure. Feeding
increases noradrenaline turnover in some parts o f the rat hypothalam us (Myers &
McCaleb, 1980) and it is possible that this may be the stimulus to postprandial A C T H
secretion via a lp h a -1 adrenoceptors. In m an, dietary protein is more potent in stimulating
cortisol secretion than fat or carbohydrate (Slag et al., 1981; Ishizuka et al., 1983) and
dietary amino acids may stimulate cortisol secretion (Modlinger, 1980; Ishizuka et al.,
1983). It is possible that the mechanism of postprandial cortisol secretion may be by
conversion o f dietary amino acids to neurotransm itter amines. However, this is unlikely
to be the only mechanism in man, as fasting does not completely abolish the mid-day
cortisol surge and small but definite cortisol responses are observed when normal subjects
are presented with food which they are not allowed to ingest (Quigley & Yen, 1979;
Follenius et al., 1982). This suggests the involvement o f neural or behavioural
mechanisms which may be independent of nutrient absorption. Ingestion of a standard
meal evokes a more marked cortisol response at mid-day than in the morning or evening
(Follenius et al., 1982) but the cause o f this is unclear. It is possible that food ingestion
may enhance an endogenous neural stimulus, possibly related to a circadian clock that is
more active at mid-day than in the morning or evening.
In summary, food ingestion in m an is followed by a surge o f pituitary A C T H secretion,
leading to cortisol release. Stimulatory a lp h a -1 adrenoceptors are involved in this
sequence, possibly activated by increased turnover of noradrenaline in the hypothalamus.
Further studies are required to define the mechanisms leading to this sequence.
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Modulation of the actions of tyrosine by
a2-adrenoceptor blockade
1S. Al-Damluji, G. Ross, *R. Touzel, fD . Perrett, {A. White & G.M. Besser
The Departments of Endocrinology, "“Chemical Endocrinology and fThe Medical Professorial Unit,
St Bartholomew’s Hospital, London EC1A 7BE, and JThe Department of Chemical Pathology,
Hope Hospital, Manchester

1 Eight normal subjects were given, in double-blind, random order L-tyrosine 50, 250 and
500 mg kg-1 and placebo orally. Plasma tyrosine concentrations rose in a dose-dependent manner,
without affecting the concentrations of the other large neutral amino acids. Tyrosine stimulated the
secretion of prolactin and thyrotrophin (TSH) but had no effect on the plasma concentrations of
adrenocorticotrophic hormone (ACTH), cortisol, growth hormone or the gonadotrophins.
2 The lack of a stimulant effect of tyrosine on ACTH secretion was presumed to be due to activa
tion of one of the negative feedback mechanisms that control the rate of synthesis and release of the
catecholamines, and this hypothesis was tested by examining the effects of the a2-adrenoceptor
antagonist idazoxan on the actions of tyrosine.
3 Seven normal males were given on 6 separate occasions tyrosine 250 and 500 mg k g "1 and
placebo orally following pretreatment with saline and idazoxan (0.1 mg kg-1 i.v.). Following
pretreatment with idazoxan, tyrosine stimulated the secretion of ACTH and noradrenaline in a
dose-dependent manner, although neither tyrosine nor idazoxan on their own had any effect on the
secretion of either substance.
4 The lack of effect of tyrosine when given on its own appears to be due, partly, to activation of
a2-adrenoceptors, which inhibit the release of noradrenaline. Idazoxan caused a small increase in
systolic blood pressure, both when given on its own and in combination with tyrosine. Neither
tyrosine nor idazoxan had any significant effect on the state of behavioural arousal, as measured by
visual analogue scales, or on the secretion of growth hormone or the gonadotrophins.

Introduction

Our previous investigations of the effects of the cate
cholamines on the secretion of adrenocorticotrophic
hormone (ACTH) in man demonstrated that intra
venous infusion of the a,-adrenoceptor agonist
methoxamine stimulated the secretion of ACTH in a
dose-dependent manner and the effect was blocked
by concomitant administration of the <xr adrenocep
tor antagonist thymoxamine (Al-Damluji et al.,
1987a). The site of action of these stimulant
a j-adrenoceptors appears to be in the central
nervous system; the effects of methoxamine are not
reproduced by equipotent doses of the more hydro
philic a!-adrenoceptor agonist noradrenaline, which
reaches the pituitary gland and the median eminence
1Author for correspondence at Department of Endocri
nology, St Bartholomew’s Hospital.

following a systemic injection, but does not cross the
blood-brain barrier. Further studies demonstrated
that the a2- and ^-adrenoceptor agonist properties of
noradrenaline did not account for the differences
from methoxamine (Al-Damluji et al., 1987a). Intra
venous infusions of adrenaline had no enhancing
effect on the activity of synthetic ovine corticotrophin releasing factor in man (Al-Damluji et al.,
1987b), in contrast to the findings in cultured rat
adenohypophysial cells in vitro (Vale et al., 1983;
Giguere & Labrie, 1983). The physiological signifi
cance of the stimulant a t-adrenoceptor mechanism
on ACTH secretion was demonstrated in 2 situ
ations: the cortisol secretory pattern during waking
hours and the ACTH and cortisol secretory
responses to food ingestion were both enhanced by
intravenous infusions of the a t-adrenoceptor agonist
© The Macmillan Press Ltd 1988
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methoxamine and reduced by the aj-adrenoceptor
antagonist thymoxamine, suggesting that ACTH
secretion in these two physiological circumstances is
mediated by a t-adrenoceptors (Al-Damluji et al.,
1987c,d).
In our current studies, we have been examining
the effects of endogenous catecholamines on the
hypothalamo-pituitary adrenal axis in man. The
aims of this study were: (1) to investigate whether
the plasma ACTH response to food ingestion is
caused by absorption of the catecholamine precursor
and dietary amino acid tyrosine, and its subsequent
conversion to noradrenaline. This has been done by
administering a dose of tyrosine that is similar to the
estimated tyrosine content of a standard meal pre
viously shown to stimulate ACTH secretion. (2) To
examine the effects on anterior pituitary hormone
secretion of supraphysiological doses of tyrosine. (3)
To examine the role of a2-adrenoceptors in modulat
ing the actions of tyrosine. The synthesis and release
of noradrenaline is controlled by at least two nega
tive feedback processes. Firstly, the activity of the
enzyme tyrosine hydroxylase is inhibited by the pro
ducts of the catecholamine synthesis pathway
(Nagatsu et al., 1964; Udenfriend et al., 1965). As
tyrosine hydroxylase is the rate limiting step in the
synthesis of catecholamines, this forms a negative
feedback process in the rate of conversion of tyrosine
to noradrenaline. Secondly, noradrenaline released
from the nerve terminals activates presynaptic
a2-adrenoceptors which limit the further release of
neuronal noradrenaline (Langer, 1977). We have
examined the possible role of this latter mechanism
in modulating the responsiveness to tyrosine, by
examining the effects of the a2-adrenoceptor antago
nist idazoxan on the hormonal, behavioural and car
diovascular effects of tyrosine.
Methods

Tyrosine dose-response study

Eight normal subjects (including 4 females in the fol
licular phase of their regular menstrual cycles) were
studied following an overnight fast on four occasions
each, starting at 10 h OOmin, following insertion of
an intravenous cannula one hour earlier. They
received, in double-blind, random order L-tyrosine
50, 250 and 500 mg kg-1 and placebo (calcium
carbonate) as an emulsion in 150 ml of water orally.
The 50 mg k g "1 dose of tyrosine is similar to the
estimated tyrosine content of a standard meal which
had previously been shown to stimulate ACTH and
cortisol secretion in normal subjects (Al-Damluji et
al., 1987d). The subjects were studied in the recum
bent position in a quiet room and blood samples
were taken at 15 min intervals.

Interaction o f tyrosine and idazoxan

Seven normal male subjects were studied on 6
occasions each, receiving: (1) idazoxan O .lm gkg"1
intravenously over 12.5 min, followed by tyrosine
250 mg k g "1 orally; (2) idazoxan followed by tyro
sine 500 mg k g "1; (3) 0.15 m saline intravenously fol
lowed by tyrosine 250m gkg"1; (4) 0.15m saline
followed by tyrosine 500 mg k g "1; (5) idazoxan fol
lowed by placebo (calcium carbonate); (6) 0.15 m
saline followed by placebo. Idazoxan was dissolved
in 0.15 m saline 0.1 ml k g "1, and the same volume of
0.15 m saline was administered as a control. Other
details of the investigative procedure were as
described above, except that the studies were carried
out under electrocardiographic monitoring.
Heart rate and blood pressure (sphygmomanometry, phases 1 and 5) were measured at
15 min intervals. At 30 min intervals, the subjects
were asked to assess their state of behavioural
arousal on 10 centimetre visual analogue scales
(awake-sleepy; energetic-lethargic; strong-weak;
troubled-tranquil; quick witted-mentally slow;
interested-bored; comfortable-uncomfortable). The
subjects were asked to regard the line as the full
range of each dimension. In preliminary investiga
tions, the sensitivity of the visual analogue scales to
physiological changes in behavioural arousal was
assessed by administering them to 10 normal females
at 23 h 00 min and at 11 h 00 min. There were sta
tistically significant increases from 23h OOmin to
11 h OOmin in the scales for ‘awake’ (34.1 ± 6.5 to
79.8 ± 4.6, mean ± s.e.mean, P < 0.001, Student’s t
test), ‘energetic’ (40.6 + 4.4 to 72.8 + 4.0, P < 0.001),
and ‘strong’ (52.4 + 2.7 to 68.9 + 4.9, P < 0.001).
Plasma tyrosine concentrations were measured by
high performance liquid chromatography (h.p.l.c.)
followed by fluorimetric detection. Tyrosine was
extracted from plasma using 3% salicyl sulphonic
acid, pH 1.8. The apparatus for h.p.l.c. consisted of a
Waters WISP 710B automatic injector, M45 h.p.l.c.
pump, model 420 fluorescence detector, Data
Module System Controller and 7 pm sulphonated
polystyrene cation exchange h.p.l.c. column
(15 x 0.46 cm). Norleucine was used as an internal
standard and the mobile phase was 0 . 2 m trisodium
citrate, pH 4.0. Post-column derivatisation was
achieved
with
o-phthalaldehyde
and
3mercaptopropinic acid. The intra-assay coefficient of
variation was 4.5%. The plasma concentrations of
the other amino acids (except tryptophan) were mea
sured with a Waters amino acid autoanalyser as
above but eluted with a citrate gradient.
Plasma tryptophan concentrations were measured
by h.p.l.c. followed by fluorimetric detection (Kratos
FS970 fluorimeter) without derivatisation. Tryp
tophan was extracted from plasma with 5% trichlo
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roacetic acid, centrifuged, and the supernatant
injected onto a 4.6 x 100 mm column of 3 micron
ODS Hypersil. The mobile phase was 0.1 m sodium
dihydrogenphosphate pH 4.0 and methanol in a
ratio of 4:1. The excitation and emission wave
lengths were 220 and 370 nm, respectively. The
recovery of added tryptophan was 65—75% and the
coefficients of variation of the assay were 3%.
Plasma ACTH concentrations were measured in
unextracted plasma by a double antibody immunoradiometric assay (IRMA) using monoclonal anti
bodies (White et al., 1987). In six consecutive assays,
the lower limit of detection was 4.1 ± 0.8ngl-1 and
the coefficient of variation was 6.0% at 50ngl_1.
Plasma cortisol concentrations were measured by
radioimmunoassay (Al-Damluji et al., 1987b). The
lower limit of detection of this assay is 50 nmol I-1
and the intraassay and interassay coefficients of
variation are 4.5% and 8%, respectively. Plasma
noradrenaline and adrenaline concentrations were
measured by h.p.l.c. followed by electrochemical
detection (Bouloux et al., 1985). The lower limits of
detection are 0.05 nmol I-1 for both catecholamines
and the coefficients of variation of the assay are less
than 8% at physiological concentrations. Serum
concentrations of prolactin, growth hormone, leutinizing hormone (LH), follicle stimulating hormone
(FSH), thyroxine (T4) and liothyronine (T3) were
measured by radioimmunoassays and thyrotrophin
(TSH) by an IRMA using reagents supplied by The
North East Thames Region Immunoassay Service.
The coefficients of variation of these assays are less
than 10%.
The data are expressed as the means ± s.e.mean.
For statistical purposes, undetectable values were
considered as the lower limit of detection of the
assay. Statistical examination was by analysis of
variance of changes in the area under the curve. In
the tyrosine dose-response study, the baseline was
the mean of the values at —15 and 0 min, and in the
tyrosine-idazoxan interaction study, the baseline was
the value at —15 min. The changes in the visual ana
logue scales were examined by analysis of variance
for each time point after subtraction of the baseline
value. Arc sine transformation was carried out as the
data were not normally distributed.
The studies were approved by the Ethical Com
mittee of St Bartholomew’s Hospital and informed,
written consent was obtained from all the subjects.
The volumes of blood taken from each individual
did not exceed 550 ml in total. Physical examination,
electrocardiogram and a series of haematological
and biochemical investigations were normal in all
the subjects.
L-Tyrosine was purchased from Scientific Hospital
Supplies, Liverpool and idazoxan was a gift from
Reckitt & Colman pic, Kingston-Upon-Hull, U.K.
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Figure 1

Results

Tyrosine dose-response study

Plasma tyrosine concentrations rose in a dosedependent manner following the administration of
tyrosine (Figure 1). Tyrosine had no effect on plasma
ACTH, cortisol (Figure 1), LH, FSH or growth
hormone concentrations (data not shown). Tyrosine
stimulated the secretion of prolactin in a dosedependent manner and a maximal effect was
obtained with the 250 mg kg-1 dose (Figures 1 and
2). Peak serum prolactin concentrations were
reached at 60 to 90 min. All three doses of tyrosine
partially prevented the circadian fall in plasma TSH
concentrations seen after the placebo. The
increments in serum prolactin concentrations in
response to tyrosine were approximately 1000 times
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greater than those in serum TSH concentrations
(Figure 2). There were no significant changes in
serum T4 or T3 concentrations in comparison to
placebo (data not shown). Tyrosine had no signifi
cant effect on blood pressure or the visual analogue
scales in any of the doses (data not shown). No side
effects or unpleasant sensations were reported.
Interaction of tyrosine and idazoxan

Idazoxan had no statistically signfiicant effect on
plasma tyrosine concentrations, either when it was
given alone or in combination with tyrosine. Idazox
an and tyrosine had no effect on plasma ACTH, cor
tisol or noradrenaline concentrations when they
were administered on their own. In contrast, the
combined administration of tyrosine and idazoxan
caused dose-dependent increases of plasma ACTH,
cortisol and noradrenaline concentrations in com
parison to placebo (Figures 3 and 4). The increments
in plasma ACTH and noradrenaline concentrations
were statistically
significant
following the
500mg kg-1 dose of tyrosine (P < 0.02 and
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Figure 3 The effects of placebo (■), idazoxan (▲,
O.lmgkg-1), tyrosine (# , 500mgkg_1) and a com
bination of tyrosine and idazoxan (O) on plasma nor
adrenaline (a), ACTH (b) and cortisol (c) concentrations
in seven normal subjects. Idazoxan was administered
intravenously over 12.5 min starting at —15 min and
tyrosine was administered orally at Omin. Vertical lines
indicate s.e.mean.

P < 0.01, respectively), but the changes following the

250 mg kg-1 dose did not reach statistical signifi
cance. Idazoxan had no significant effect on adrena
line, prolactin, TSH, LH, FSH or GH concentrations
and did not modify serum prolactin or TSH concen
trations following the administration of either dose
of tyrosine (data not shown). Idazoxan caused small
but significant increases in systolic blood pressure in
comparison to placebo, both when it was given
alone and in combination with tyrosine (P < 0.001).
The changes in systolic blood pressure (60 min
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in heart rate, diastolic blood pressure or any of the
visual analogue scales following any drug (data not
shown). No side effects or unpleasant sensations
were encountered following any of the drugs.
The administration of tyrosine and idazoxan had
no effect on the concentrations of the other large
neutral amino acids (Table 1).
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value —baseline, in mmHg) were: placebo:
—1.7 + 1.7; tyrosine 500 mg kg-1 : +2.3 ± 2.0; ida
zoxan: + 7.3 ±2.1; tyrosine 500 mg kg-1 + idazox
an : +10.7 + 0.4. There were no significant changes

We found that tyrosine had no stimulant action on
ACTH or cortisol secretion in doses equivalent to
those found in food. The ACTH response to feeding
is therefore unlikely to be due simply to the ingestion
of tyrosine and its subsequent conversion to cate
cholamines, and the mechanism of food-induced
ACTH secretion remains unknown. Ishizuka et al.
(1983) demonstrated that tyrosine had a small stimu
lant effect on the secretion of cortisol, but they did
not discuss the statistical significance of their data.
Reinstein et al. (1985) found that rats fed on a high
tyrosine diet had smaller plasma corticosterone and
behavioural responses to electric shocks, presumably
indicating increased tolerance to stress.
Idazoxan is a highly selective a2-adrenoceptor
antagonist;
it
has
minimal
activity
at
a j-adrenoceptors and no significant activity at 0adrenoceptors, opiate, histamine, acetylcholine or 5hydroxytryptamine receptors (Doxey et al., 1983).
Intravenous injections of idazoxan in the rat cause
significant presynaptic a2-adrenoceptor antagonist
effects in the central nervous system (Freedman &
Aghajanian, 1984), but the drug has no effect on the
turnover of dopamine, in contrast to the previously
used a2-adrenoceptor antagonist, yohimbine (Walter
et al., 1984). In the dose used in this study, idazoxan

Table 1 The effects of placebo, idazoxan (0.1 mg kg-1), tyrosine 500mgkg-1 and the combination of tyrosine and
idazoxan on plasma neutral amino acid concentrations (/rate!!-1) and the ratio of the concentration of tyrosine to
the sum of the concentrations of the other large neutral amino acids (LNAA)

Placebo
—15 min
105 min
T yrosine
—15 min
105 min
Idazoxan
—15 min
105 min
T yrosine
+ idazoxan
—15min
105 min

Tyr

Val

Isoleu

Leu

Phe

Tryp

Tyr/LNAA

59.4 ± 4.2
51.8 ± 5.1

251.4 + 19.4
202.6 ± 26.4

65.2 + 3.6
72.0 ± 14.3

135.6+ 16.1
133.4+ 18.5

62.6 ± 6.2
61.4+ 11.0

125.8 + 18.8
109.0 ± 16.2

0.09 ± 0.009
0.09 ± 0.01

50.2 ± 2.8
467.6 ± 135

226.6 + 13.6
238.4 ± 19.7

53.4 + 6.2
58.0 ± 4.2

126.6 ± 8.5
116.4+ 13.6

54.8 ± 2.1
59.4 ± 2.5

134.4 + 19.2
134.8 ± 24.4

0.08 ± 0.006
0.77 ± 0.23

55.6 + 4.6
48.0 ± 4.9

239.4 + 21.2
207.2 ± 18.8

71.4 + 13.0
67.8 ± 14.6

129.4 + 17.4
135.8 ± 24.8

56.4 ± 3.1
50.2 ± 4.8

112.8 + 19.5
113.8 + 9.7

0.09 ± 0.01
0.08 ± 0.006

55.4 ± 5.0
368.4 ± 67.1

194.0 ± 15.9
190.6 ± 9.5

55.8 + 4.8
41.8 + 4.1

103.4+11.5
89.0 ± 12.3

56.2 + 2.3
50.2 ± 3.4

123.4 + 20.4
128.2 ± 15.9

0.10 + 0.01
0.73 ±0.13

Data shown are means ± s.e.mean.
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abolishes the sedative action o f the a 2-adrenoceptor
agonist clonidine in man, indicating that it exerts sig
nificant a2-adrenoceptor antagonist activity in the
central nervous system (Clifford et al., 1985). When
administered alone in this study, idazoxan caused a
small increase in systolic blood pressure, confirming
that it was administered in a biologically effective
dose, but the drug had no effect on plasma nor
adrenaline concentrations, presumably because the
latter represents a spill over effect of noradrenaline
released from the peripheral sympathetic neurones.
The effectiveness of an a 2-adrenoceptor antagonist is
partly dependent upon the concentration of nor
adrenaline at the receptor; as noradrenaline release
from sympathetic neurones is minimal under basal
circumstances, this may explain the relatively small
changes in sympathetic activity observed in this
study.
We postulated that the lack of effect of tyrosine on
adrenocortical activity might be due to activation of
one o f the negative feedback processes that control
the rate of conversion of tyrosine to catecholamines
and their subsequent release. In this study, we have
examined
the
role
of
the
presynaptic
a 2-adrenoceptors, which inhibit the release of nor
adrenaline from the central and peripheral nor
adrenergic neurones. F ollow ing pretreatment with
idazoxan, the administration of tyrosine caused a
significant increase in plasma noradrenaline concen
trations, indicating activation of the peripheral sym 
pathetic nervous system, and o f plasma ACTH
concentrations. On the basis of our previous find
ings, we suggest that the increase in the activity of
the hypothalamo-pituitary-adrenal axis represents
an increase in noradrenaline turnover in the central
nervous system. We have previously found that acti
vation of peripheral adrenoceptors with a hydro
philic adrenoceptor agonist that does not cross the
blood-brain barrier causes no increase in pituitaryadrenal activity (Al-Damluji et al., 1987a). The
increase in plasma ACTH concentrations occurred
later than that of plasma noradrenaline, presumably
reflecting the delay in the passage of the drugs across
the blood brain barrier. Our data therefore dem on
strate that, in the presence o f a2-adrenoceptor block
ade, the administration of tyrosine results in an
increase in the rate o f release o f noradrenaline and
secretion of ACTH.
The large neutral am ino acids (LNAA) share a
com mon, com petitive mechanism for transport
across the blood-brain barrier and a similar mecha
nism has been proposed for the entry of tyrosine into
neurones (Partridge & Oldendorf, 1977; Morre &
Wurtman, 1981). In the rat, m anipulations of plasma
am ino acid concentrations have dem onstrated that
brain tyrosine concentrations are directly related to
the ratio of the plasma concentration of tyrosine to

the sum of the concentrations of the other LNAA
(Fernstrom & Faller, 1978; Agharanya & Wurtman,
1982). On the basis o f the evidence in experimental
animals, the increment in this ratio in our study can
be expected to have increased the uptake of tyrosine
across the blood brain barrier and into the neurones.
Under basal conditions, the administration of
tyrosine to experimental animals has no effect on
noradrenaline turnover (Gibson & Wurtman, 1978;
Reinstein et al., 1984) and this is compatible with the
findings in this study. In stressed animals, the
increased noradrenergic neuronal discharge rate
results in increased activity of the tyrosine hydrox
ylase enzyme (Gordon e t al., 1966), and the adminis
tration of tyrosine under those conditions results in
increased noradrenaline turnover (Gibson &
Wurtman, 1978; Reinstein e t al., 1984). This may
explain the findings by some investigators of
increased urinary catecholamine excretion rates fol
lowing the administration of tyrosine to ambulant
human subjects, in whom sympathoadrenal dis
charge is presumably increased in response to the
upright posture (Agharanya et al., 1981). Rasmussen
et al. (1983) found a small, transient increase in
plasma catecholamine concentrations following the
administration of tyrosine in the afternoon in five
out of six subjects, and it is possible that this may be
related to the circadian increase in catecholamine
turnover in the afternoon (Wilkes et al., 1981).
The lack of effect of tyrosine on noradrenaline
turnover under basal conditions may be due, partly,
to feedback inhibition of the tyrosine hydroxylase
enzyme (which converts tyrosine to dihydroxyphenylalanine, l-D O P A ) by the products of the catechol
amine synthesis pathway, as the administration of
tyrosine to animals pretreated with a D O P A decar
boxylase inhibitor results in higher brain concentra
tions of l-D O P A (Wurtman et al., 1974; Carlsson &
Lindqvist, 1978). We have demonstrated, in the
present study, that the lack of effect of tyrosine under
basal conditions is partly due to the activation of
a 2-adrenoceptors, which
inhibit
noradrenaline
release. Whether idazoxan in the doses used in man
has an effect on the activity o f the tyrosine hydrox
ylase enzyme will be the subject of further investiga
tions. David et al. (1974) found that in mice
pretreated with a m onoam ine oxidase inhibitor, a
large proportion of an administered dose of tyrosine
was converted to tyramine by decarboxylation of the
amino acid, but their data were not confirmed by
other investigators (Tallman e t al., 1976). Release of
noradrenaline by tyramine is an unlikely explanation
for our findings, as tyrosine on its own had no effect
on plasma noradrenaline concentrations. Conversion
of tyrosine to noradrenaline seems the m ost likely
explanation for our findings, although the experi
mental evidence regarding this is not yet available.
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The stimulation of prolactin secretion by tyrosine
confirms the findings of Ishizuka and his colleagues
(1983). Our results show that the stimulant effect of
tyrosine on prolactin secretion is dose-dependent in
the range 50-250 mg kg" *, and that tyrosine also
stimulates TSH secretion. The mechanism of the
stimulant effect of tyrosine on these two hormones is
unknown, but it is possible that tyrosine or one of its
derivatives may stimulate the secretion of the thyrotrophin releasing hormone (TRH) or inhibit or
antagonize the action of hypothalamic dopamine,
which would result in an increase in prolactin and
TSH secretion. The apparently more potent action of
tyrosine in stimulating prolactin than TSH secretion
is compatible with dopaminergic inhibition or
antagonism, as dopamine antagonists have a greater
effect on prolactin than TSH secretion in man
(Scanlon et al., 1979). Interestingly, serum prolactin
concentrations began to fall while plasma tyrosine
concentrations were still high. This may be due to
the known stimulant effect of hyperprolactinaemia
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on hypothalamic dopamine turnover (Hokfelt &
Fuxe, 1972).
The combination of tyrosine and idazoxan caused
no subjective side effects, sensations or evidence of
behavioural arousal, confirming that the subjective
sensations associated with the higher doses of the
o^-adrenoceptor agonist methoxamine were unlikely
to be responsible for the activation of the
hypothalamo-pituitary adrenal axis (Al-Damluji et
al., 1987a).
In summary, it is possible to activate endogenous
catecholamine systems using the combination of a
catecholamine precursor, tyrosine, and
an
a2-adrenoceptor antagonist. This results in an
increase in the activity of the hypothalamo-pituitary
adrenal axis.

We thank J.M. Thomas, S. Rish, S. Gibson and F. Borges
for their expert help and the Medical Research Council for
financial support.
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Introduction

During the last 50 years, the role of adrenergic
mechanisms in the control of secretion of corticotro
phin (ACTH) has aroused much interest but little
consensus. In view of recent advances in our under
standing of the anatomy and physiology of catechol
amine systems and improvements in pharmacological
and experimental techniques, it has become possible
to offer explanations or alternative interpretations for
some of the apparently contradictory data. A clearer
picture is emerging, although hazy areas remain.
Anatomical relationships

A close anatomical relationship exists between the
central adrenergic and noradrenergic systems and
the major hypothalamic peptides that are involved in
the regulation of ACTH secretion, corticotrophinreleasing factor (CRF-41) and vasopressin. The cell
bodies of the catecholaminergic neurones that inner
vate the parvocellular neurones of the paraventricular
nucleus are found in the brain stem (Ungerstedt,
1971; Sawchenko & Swanson, 1982). The majority of
neurones arise in the ventrolateral medulla (A, cell
group) and dorsomedial medulla (nucleus tractus solitarius, A2 cell group) and a few also arise from the
locus coeruleus (A6 cell group). The axons ascend in
the ventral noradrenergic bundle and end in close
proximity to the CRF-41 and vasopressin neurones,
where synaptic contacts are apparent on electron
microscopy (Mezey, Kiss, Skirboll et al. 1984a;
Agnati, Fuxe, Yu et al. 1985; Liposits, Phelix & Pauli,
1986a; Liposits, Sherman, Phelix & Pauli, 19866). The
mammalian adenohypophysis does not receive a cate
cholaminergic innervation, in contrast to the neural
J. Endocr. (1988) 119, 5-14
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and intermediate lobes which are innervated by dopa
minergic and noradrenergic neurones (Bjorklund,
Falck & Rosengren, 1967; Saavedra, Palkovits, Kizer
et al. 1975). A few sympathetic fibres derived from the
superior cervical ganglion accompany the blood ves
sels to the pituitary gland, but their function is not
known.
It is still not completely clear whether adrenaline
and noradrenaline are secreted into hypophysial por
tal plasma. The original studies found that the con
centrations of adrenaline and noradrenaline in rat
hypophysial portal plasma were no greater than in
peripheral plasma (Ben-Jonathan, Oliver, Weiner et
al. 1977; Plotsky, Gibbs & Neill, 1978; Cramer,
Parker & Porter, 1979; Gudelsky & Porter, 1979;
Reymond & Porter, 1982). More recently, the concen
tration of adrenaline in plasma from the transected
pituitary stalk of anaesthetized rats was reported to be
higher than the adrenaline concentration in peripheral
venous plasma and this was interpreted as indicating a
central source of adrenaline secretion into the portal
circulation (Johnston, Gibbs & Negro-Vilar 1983;
Plotsky, Bruhn & Vale, 1985). The reason for the dif
ferences is unclear, but it is possible that the source of
adrenaline in the latter experiments may have been
partly derived from the severed stalk nerves con
taining adrenergic fibres innervating the posterior and
intermediate lobes, as the concentration of adrenaline
in plasma from a single portal vessel in the intact stalk
is lower than that in peripheral plasma (Reymond &
Porter, 1982). In a recent study, Gibbs (1985)
suggested that adrenaline may be secreted into hypo
physial portal blood during stress but not under basal
conditions and that most of the adrenaline in portal
blood originates in the adrenal medulla.
Printed in Great Britain

6

s. a l - d a m l u j i

• Adrenergic mechanisms in A C T H secretion

Subtypes of a and p adrenoceptors have been
identified in the brain, with identical pharmacological
characteristics to those found in the peripheral sym
pathetic nervous system, a-1 and p adrenoceptors
are located post-synaptically (on the target cell), but
a-2 adrenoceptors appear to be located both postsynaptically and presynaptically (on the nor
adrenergic neurone) (Cedarbaum & Aghajanian, 1976;
U'Prichard, 1984). Activation of a-2 adrenoceptors
inhibits the firing rate of the neurones on which they
are situated, and in the case of the presynaptic recep
tors, this could act as a negative feedback mechanism
that regulates the rate of neurotransmitter release
(Cedarbaum & Aghajanian, 1976). The distribution of
adrenoceptors in the hypothalamus has been studied
by autoradiography and radioligand-binding studies.
Both subtypes of a adrenoceptors are found in high
density in the paraventricular nucleus, but only the a-2
subtype is found in the median eminence (Leibowitz,
Jhanwar-Uniyal, Dvorkin & Makman, 1982). The
density of P adrenoceptors is lower in the hypothala
mus than in other brain areas, and even lower den
sities are found in the adenohypophysis (Leibowitz et
al. 1982; Petrovic, McDonald, Snyder & McCann,
1983). Both p adrenoceptor subtypes are found in the
hypothalamus, whereas only P-2 adrenoceptors are
found in the pituitary (Petrovic et al. 1983; DeSouza,
1985). Some adrenoceptors in the brain do not
appear to receive a catecholaminergic innervation,
and their physiological functions remain speculative
(Minneman, Dibner, Wolfe & Molinoff, 1979;
U’Prichard, Reisine, Mason et al. 1980).

Physiological control

Several proposals have been made regarding the
possible roles of adrenaline and noradrenaline in the
control of secretion of ACTH. In attempting to
explain the apparently contradictory data, the
importance of ’species differences’ has probably been
exaggerated, as most of the inconsistencies may be
attributable to methodological and pharmacological
differences.
Circulating catecholamines
The first proposal was that circulating adrenaline had
a physiological role in stimulating the secretion of
ACTH. It was reported by Selye (1936) that adrena
line injections were followed by enlargement of the
adrenal cortex and involution of the thymus, and that
the effect was much reduced by prior hypophysectomy. He described this phenomenon as an ‘alarm
reaction’ to a toxic substance. However, Long (1947)
suggested that ‘stimulation of the elements of the
autonomic nervous system with concomitant release
J. Endocr. (1988) 119, 5-14

of epinephrine that occurs under a variety of con
ditions appears to be a major factor in the activation
of the adrenotrophic secretion from the anterior lobe’.
Numerous studies were carried out by early investi
gators in man and experimental animals, but the
results were not consistent, partly because of the non
specific and insensitive bioassays that were then in
use. In a characteristically illuminating experiment,
Coffer, DeGroot & Harris (1950) found that denerva
tion of the adrenal glands did not alter the glucocorti
coid response to stress in the rabbit, so they concluded
that the adrenal medulla played little part in the
pituitary-adrenal response to stress. In recent years,
interest in the effects of circulating adrenaline has
been revived and several groups have confirmed that
peripheral injections of p adrenoceptor agonists
stimulated the secretion of the pro-opiocortin (POC)derived peptides from the anterior and the intermedi
ate lobes of the rat by a p-2 adrenoceptor mechanism
(Berkenbosch, Vermes, Binnekade & Tilders, 1981;
Knepel, Benner & Hertting, 1982; Mezey, Reisine,
Palkovits et al. 1983). In the rat, activation of p-2
adrenoceptors results in hypotension, which is a potent
stimulus for ACTH secretion (Knepel et al. 1982;
Tilders, Berkenbosch & Smelik, 1982). It has recently
become clear that the anterior pituitary ACTH
response to peripherally administered P-adrenoceptor
agonists in the rat is likely to be the result of a
peripheral reflex, possibly triggered by hypotension;
first, in species such as man, in whom p adrenoceptor
activation does not result in hypotension, intra
venous infusions of p adrenoceptor agonists do not
stimulate ACTH secretion (Al-Damluji, Cunnah,
Grossman et al. 1987a; Al-Damluji, Perry, Tomlin
et al. \9Sld). Secondly, peripheral administration of
P adrenoceptor agonists does not stimulate ACTH
secretion in rats pretreated with capsaicin, which
destroys peripheral afferent nerve fibres but does not
affect the central mechanisms involved in the control
of ACTH secretion (Lembeck & Amann, 1986;
Amann & Lembeck, 1987). Thirdly, the stimulant
effects of adrenaline and isoprenaline on ACTH
secretion are abolished by a peripheral injection of the
p adrenoceptor antagonist timolol, which does not
penetrate the blood-brain barrier in significant quan
tities (Tocco, Clineschmidt, Duncan et al. 1980;
Tilders, Berkenbosch & Vermes, 1986). Mezey et al.
(1983) reported that isoprenaline stimulates the
secretion of ACTH in rats with transected pituitary
stalks, and they suggested that the drug may act
directly on the adenohypophysis. However, no hor
monal evidence was given of the completeness of the
stalk transection, such as hyperprolactinaemia or
diabetes insipidus; it is likely that their animals
retained the hypothalamo-pituitary connection, as
basal plasma ACTH concentrations were not reduced
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and they had preserved ACTH responses to hypoglycaemia (Mezey, Reisine, Brownstein et al. 19846),
which is a response that requires an intact hypo
thalamo-pituitary unit (Jezova, Kvetnansky, Kovacs
etal. 1987).
The melanotrophs of the rat intermediate lobe
possess p-2 adrenoceptors, whose activation increases
the secretion of the POC-derived peptides, includ
ing bioactive ACTH (Cote, Munemura, Eskay &
Kebabian, 1980; Tilders, Post, Jackson et al. 1981).
This is in contrast to the lack of any stimulant action
of P adrenoceptor agonists on freshly prepared rat
adenohypophysial cells (Vermes, Mulder, Smelik &
Tilders, 1980). The stimulant action of p-2 adreno
ceptor activation on the intermediate lobe may be
physiologically relevant in the responses of that lobe
, to some stressful stimuli in the rat (Berkenbosch,
Tilders & Vermes, 1983; Kvetnansky, Tilders, van
Zoest et al. 1987). In attempting to interpret in-vivo
experiments in rats, the possibility should be con
sidered that the source of ACTH secretion in response
to P adrenoceptor activation may be the intermediate
lobe.
There is disagreement on the effects of adrenaline
and noradrenaline on the secretion of the POCderived peptides by rat adenohypophysial cells in
vitro. Neither amine stimulates the secretion of the
POC-derived peptides by freshly dispersed rat adeno
hypophysial cells or by whole anterior lobes (Gillies
& Lowry, 1978; Briaud, Koch, Lutz-Bucher &
Mialhe, 1979; Vermes et al. 1980). However, in cul
tured cells, adrenaline and noradrenaline exert a
weak stimulant effect on the secretion of the POCderived peptides (Vale & Rivier, 1977; Giguere, Cote
& Labrie, 1981; Pettibone & Mueller, 1982; Reisine,
Heisler, Hook & Axelrod, 1983). The differences may
be attributable to some deviation of the cultured cells
from normal, such as up-regulation of adrenoceptors
in the absence of catecholamines in the culture
medium; desensitization of cultured corticotrophs in
the presence of catecholamines has been described
(Heisler, Reisine & Axelrod, 1983). The physiological
relevance of these studies is therefore unclear.
Damage to the adrenoceptors by the dispersal pro
cedure is an unlikely explanation for the absence of a
response in the freshly prepared adenohypophysial
cells, as intermediate lobe cells prepared in an ident
ical manner retain their sensitivity to adrenoceptor
activation (Jackson & Lowry, 1983), as do whole in
termediate lobes (Briaud, Koch, Lutz-Bucher &
Mialhe, 1979).
Following the discovery of the structure of CRF-41,
interest was again aroused in the direct effects of the
catecholamines on corticotroph function and it was
proposed that adrenaline and noradrenaline may act as
physiological modulators of the action of CRF-41. The
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evidence for this was based on the finding that both
amines enhanced the stimulant action of synthetic
ovine CRF-41 on cultured rat adenohypophysial
cells in vitro (Giguere & Labrie, 1983; Vale, Vaughan,
Smith et al. 1983). However, these observations on
cultured cells do not appear to be applicable to the
physiological situation in vivo, as studies in man have
revealed no enhancement of the action of CRF-41 by
increases in plasma adrenaline and noradrenaline
concentrations into the upper limit of the physiologi
cal range (Milsom, Donald, Espiner et al. 1986;
Al-Damluji et al. 1987a).
It is now clear that, in man, adrenaline and nor
adrenaline released into the blood stream during
sympathoadrenal activation are not responsible for
the accompanying increase in hypothalamo-pituitary
adrenal activity. Thus, the adrenocortical response to
glucopaenia (which is a potent stimulus to adrenaline
and noradrenaline secretion) is unaffected by com
bined a and (3 adrenoceptor blockade (Rizza, Cryer &
Gerich, 1979), and is preserved in patients with cervi
cal cord transection, despite absence of the peripheral
catecholamine response (Brodows, Pi-Sunyer &
Campbell, 1973). These findings are compatible with
the lack of a stimulant effect of adrenaline and nor
adrenaline infusions on ACTH secretion under basal
conditions in man, in whom the complicating factors
of hypotension and a responsive intermediate lobe are
excluded (Wilcox, Aminoff, Miller et al. 1975; AlDamluji et al. \%la,d). In the rat, treatment with
guanethidine and enucleation of the adrenal medullae,
which abolish the circulating adrenaline and nor
adrenaline responses to immobilization stress, have
no effect on the ACTH response to that stimulus
(Makara, Kvetnansky, Jezova et al. 1986; Kvetnansky
et al. 1987). However, the ganglion-blocking agent
chlorisondamine reduced the ACTH responses to
ether stress and haemorrhage in the rat (Rivier &
Vale, 1983; Plotsky et al. 1985), although this
was not confirmed by other investigators (Tilders,
Berkenbosch, Vermes et al. 1985). It is possible that,
in the rat, some of the ACTH secreted in response to
haemorrhage may be derived from the intermediate
lobe, which is stimulated by circulating adrenaline.
Most of the available data in man and the rat there
fore suggest that peripheral circulating adrenaline has
no physiological role in stimulating ACTH secretion
from the adenohypophysis. This conclusion is com
patible with Harris’ interpretation 38 years ago,
referred to above (Coffer et al. 1950). The possibility
that adrenaline concentrations in hypophysial portal
plasma may be higher than in the periphery has been
discussed above.
Central catecholamines
Following the discovery of the catecholamine tracts
J. Endocr. (1988) 119, 5-14
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that innervate the hypothalamus, interest was drawn
to central adrenergic influences, and it was proposed
that activation of central a adrenoceptors inhibits the
hypothalamo-pituitary adrenal axis. At first sight, this
proposal appears contrary to more recent data that
suggest that activation of central a-1 adrenoceptors
stimulates the secretion of ACTH in man and the
rat (see below). It is possible to offer alternative
interpretations of those early data, which would
be consistent with more recent reports. The evidence
for an inhibitory action of central a adrenoceptors on
ACTH secretion was based on the following
experiments.
Experiment 1
In the ‘maximally stressed’ anaesthetized dog under
going laparotomy, cerebroventricular injections of
noradrenaline and clonidine inhibited adrenocortical
activity (Van Loon, Scapagnini, Cohen & Ganong,
19716; Ganong, Kramer, Salmon et al. 1976). The
inhibitory action of clonidine was abolished by the
combined a-1 and a-2 adrenoceptor antagonist
phenoxybenzamine and by the relatively selective a-2
antagonist yohimbine (Ganong et al. 1976; Reid, Ahn,
Trinh et al. 1984). In the central nervous system,
activation of a-2 adrenoceptors inhibits the firing rate
of the target neurones (Cedarbaum & Aghajanian,
1976). In contrast to the inhibitory effect of nor
adrenaline in the stressed dog, cerebroventricular
administration of noradrenaline stimulates adreno
cortical activity in the rat under basal conditions (Abe
& Hiroshige, 1974; Kawa, Taniguchi, Mizuguchi et al.
1978). It is therefore possible that noradrenaline injec
tions may exert different effects on ACTH secretion,
depending on whether the hypothalamo-pituitary
adrenal axis and the central adrenergic systems are
stimulated or quiescent. Under basal conditions,
noradrenaline stimulates ACTH secretion by acti
vation of a-1 adrenoceptors (see below) whereas,
during stress, activation of a-2 adrenoceptors may
inhibit ACTH secretion.
Studies were also carried out with the catechol
amine precursor L-dihydroxyphenylalanine (L-Dopa),
but the interpretation is less certain. L-Dopa was
also found to inhibit adrenocortical activity during
laparotomy in the dog, but the effect was not blocked
by phentolamine, propranolol or pimozide, suggest
ing that it was not mediated by a or (3 adrenoceptors
or by dopaminergic receptors (Van Loon, Hilger,
King et al. 1971a; Ganong et al. 1976). The effects of
L-Dopa were blocked by phenoxybenzamine (Ganong
et al. 1976). While this may suggest the involvement
of a adrenoceptors, it is important to recall that
phenoxybenzamine has several complicated actions,
including inhibition of neuronal and extraneuronal
amine uptake (more potently than phentolamine),
J. Endocr. (1988) 119, 5-14

which may be the mechanism by which it blocked
the effects of L-Dopa (Cubeddu, Barnes, Langer &
Weiner, 1974). Exogenously administered L-Dopa has
several non-adrenergic actions, such as interference
with the synthesis and catabolism of serotonin in the
brain (Bertler & Rosengren, 1959).
Experiment 2
Phentolamine, an antagonist that is equipotent at
a-1 and a-2 adrenoceptors, increased adrenocortical
activity under basal conditions in the rat, and this was
interpreted as demonstrating a tonic inhibitory nor
adrenergic influence on the hypothalamo-pituitary
adrenal axis (Scapagnini & Preziosi, 1973). However,
more recent investigations have shown that the selec
tive a-1 adrenoceptor antagonist prazosin has no
stimulant action on ACTH secretion in the rat
(Proulx-Ferland, Breault & Cote, 1982; Szafarczyk,
Malaval, Laurent et al. 1987). Because of its a-2
antagonist activity, phentolamine increases nor
adrenaline turnover, which may result in increased
ACTH secretion (see below).
Experiment 3
In some experiments, depletion of catecholamine
stores by peripheral or cerebroventricular adminis
tration of catecholamine synthesis inhibitors was fol
lowed by increased adrenocortical activity (Scapagnini,
Van Loon, Moberg & Ganong, 1970; Van Loon,
Scapagnini, Moberg & Ganong, 1971c; Scapagnini,
Van Loon, Moberg et al. 1972; Cuello, Shoemaker &
Ganong, 1974; Scapagnini, Annunziato, Lombardi et
al. 1975; Mezey et al. 1984a). The increased adreno
cortical activity only lasts for24 h whereas the
depletion of catecholamines lasts much longer
(Kaplanski, Dorst & Smelik, 1972; Kaplanski,
Nyakas, van Delft & Smelik, 1973; Ulrich & Yuwiler,
1973; Cuello et al. 1974; Kaplanski, van Delft, Nyakas
et al. 1974; Kumeda, Uchimura, Kawabata et al.
1974; Kreiger, 1975). The increase in adrenocortical
activity following the depletion of catecholamine
stores was interpreted as demonstrating a tonic inhibi
tory influence of a central adrenergic system on
the hypothalamo-pituitary adrenal axis. However,
we now know that in the hours following adminis
tration of a catecholamine synthesis inhibitor, nor
adrenergic neuronal activity is increased rather than
reduced (Smythe & Bradshaw, 1983; Smythe et al.
1985). This presumably results from reduced occu
pancy of presynaptic a-2 adrenoceptors which inhibit
noradrenaline release. This would effect the short
lived effect of the catecholamine synthesis inhibitors
on the hypothalamo-pituitary-adrenal axis, and is
compatible with recent data suggesting that activation
of central adrenoceptors stimulates ACTH secretion
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(see below). Another problem in interpreting the early
data is that depletion of catecholamine stores is
followed by a severe homeostatic disturbance, includ
ing severe hypotension, which is a potent stimulus
to ACTH secretion (Gann, Ward & Carlson, 1978).
In the only study in which blood pressure was
recorded, hypotension preceded the increase in
ACTH secretion (Buckingham & Cooper, 1987). In
more recent studies, selective reduction of hypo
thalamic adrenaline and noradrenaline contents by
stereotaxic injection of drugs into the ventral nor
adrenergic bundle and the paraventricular nucleus of
the rat has been followed by a reduction of the activity
of the hypothalamo-pituitary adrenal axis (Feldman,
Siegel, Weidenfeld et al. 1984; Szafarczyk, Alonso,
Ixart et al. 1985; Alonso, Szafarczyk, Balmefrezol &
* Assenmacher, 1986; Feldman, Conforti & Melamed,
1986; Guillaume, Conte-Devolx, Szafarczyk et al.
1987). This is compatible with the view that central
r adrenergic mechanisms may stimulate ACTH se
cretion, and that the increased adrenocortical activity
immediately following the widespread depletion of
catecholamines may be the result of a generalised
disturbance.
Experiment 4
Electrical stimulation of different areas of the brain
stem results in stimulation or inhibition of ACTH
secretion, but the results have often been contradic
tory and the responses obtained are influenced by
several variables, including plasma glucocorticoid
concentrations and blood pressure (Newman Taylor,
1969; Gann et al. 1978). In the anaesthetized dog
undergoing laparotomy, electrical stimulation of the
locus subcoeruleus and the adjacent ventral nor
adrenergic bundle reduced ACTH secretion, which
was consistent with the existence of an inhibitory nor
adrenergic input (Rose, Goldsmith, Holland et al.
1976). In recent years, it has become clear that the
subcoeruleus makes no contribution to the nor
adrenergic innervation of the paraventricular nucleus
and only a small proportion of neurones is derived
from the locus coeruleus; the majority of the neurones
have their cell bodies in the A, and A2 areas in the
ventrolateral and dorsomedial medulla (Sawchenko &
Swanson, 1982). In recent studies in the rat, electrical
stimulation of the A, and A2 areas and the ventral
noradrenergic bundle has been found to increase the
discharge rate of paraventricular nucleus neurons and
the secretion of CRF-41 into portal plasma (Day,
Ferguson & Renaud, 1985; Plotsky, 1987). It is poss
ible that some noradrenergic neurones may innervate
post-synaptic a-1 adrenoceptors that stimulate CRF
secretion under basal conditions, while others may
innervate post synaptic a-2 adrenoceptors that inhibit
CRF or vasopressin secretion during stress.

■ s. a l - d a m l u j i

Stimulant action o f central catecholamines
The most recent proposal has been that central
adrenoceptor activation stimulates the hypothalamopituitary adrenal axis. In man, activation of a adreno
ceptors with drugs that cross the blood-brain barrier,
such as amphetamines (Rees, Butler, Gosling &
Besser, 1970), methoxamine (Nakai, Imura, Yoshima
& Matsukura, 1973; Al-Damluji et al. 1987c/) and
the tricyclic antidepressants (Laakmann, Wittmann,
Schoen et al. 1986) increases the secretion of ACTH
and cortisol. Methoxamine is a highly selective a-1
adrenoceptor agonist that stimulates ACTH secretion
in a dose-dependent manner, and the effect is
abolished by concomitant administration of the a-1
adrenoceptor antagonist thymoxamine, which also
crosses the blood-brain barrier (Al-Damluji et al.
\%ld). The stimulant action of methoxamine on
ACTH secretion appears to be exerted at a central
site, as the effect is not reproduced by equipotent
doses of noradrenaline, which reaches the pituitary
gland and the median eminence following a peripheral
injection but does not cross the blood-brain barrier.
Further studies demonstrated that the a-2 and P
adrenoceptor agonist properties of noradrenaline did
not account for the differences from methoxamine
(Al-Damluji et al. 1987z/). Increased ACTH secretion
in man is also seen following activation of endogenous
catecholamine systems by administration of the
combination of the catecholamine precursor tyro
sine and the a-2 adrenoceptor antagonist idazoxan
(Al-Damluji, Ross, Touzell et al. 1988).
The physiological significance of the stimulant a-1
adrenoceptors has been demonstrated in two situ
ations in man; the cortisol secretory pattern during
waking hours and the ACTH and cortisol reponses to
the ingestion of a meal were both enhanced by a-1
adrenoceptor activation and reduced by a-1 adreno
ceptor antagonism, suggesting that ACTH secretion
under those physiological circumstances is mediated
by a-1 adrenoceptors (Al-Damluji, Cunnah, Perry et
al. 19876; Al-Damluji, Iveson, Thomas et al. 1987c).
The nocturnal activity of the hypothalamo-pituitary
adrenal axis and the adrenocortical response to
hypoglycaemia are unaffected by a-1 adrenoceptor
blockade, suggesting that a-1 adrenoceptors mediate
some but not all stimuli to ACTH secretion in man
(Al-Damluji et al. 19876; Cuneo, Livesey, Nicholls et
al. 1987).
The most recent evidence in the rat also suggests
that activation of central a -1 adrenoceptors results in
stimulation of the hypothalamo-pituitary adrenal
axis. Thus, the secretion of ACTH and CRF-41 is
stimulated by injections of noradrenaline into the
cerebral ventricles and into the region of the para
ventricular nucleus and by electrical stimulation of
the ventral noradrenergic bundle; these effects are
J. Endocr. (1988) 119, 5-14
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blocked by the prior administration of selective a-1
adrenoceptor antagonists (Szafarczyk et al. 1987;
Plotsky, 1987). These data are compatible with some
earlier studies that showed that adrenocortical
activity in the awake cat is stimulated by implantation
of noradrenaline into some hypothalamic areas
(Endroczi, Schreiberg & Lissak, 1963, Krieger &
Krieger, 1970); that cerebroventricular injections of
noradrenaline stimulate adrenocortical activity in the
rat under basal conditions (Abe & Hiroshige, 1974;
Kawa et al. 1978); that some stressful stimuli increase
hypothalamic noradrenaline turnover and adrenocor
tical activity in a parallel manner in the rat (Hedge,
van Ree & Versteeg, 1976; Smythe, Bradshaw &
Vining, 1983); and that selective reduction of hypo
thalamic noradrenaline and adrenaline by stereotaxic
injections of 6-hydroxydopamine reduces adrenocor
tical activity in the rat (Feldman et al. 1984, 1986;
Szafarczyk et al. 1985).
The stimulant action of central a-1 adrenoceptors
in the rat also appears to be of physiological signifi
cance, as the ACTH response to ether stress and the
CRF-41 response to hypotension are reduced by
cerebroventricular injection of a-1 adrenoceptor
antagonists (Szafarczyk et al. 1987; Plotsky, 1987).
The role of a-2 and (3 adrenoceptors in the control
of ACTH secretion remains speculative at this stage.
As discussed above, it is possible to interpret the
studies of Ganong and his colleagues as demonstrat
ing an inhibitory action of central presynaptic or postsynaptic a-2 adrenoceptors on the activity of the
hypothalamo-pituitary adrenal axis during stress.
Under basal conditions, the a-2 adrenoceptor agonist
clonidine and the antagonist idazoxan have no effect
on pituitary-adrenal activity in man (Grossman,
Weerasuriya, Al-Damluji et al. 1987; Al-Damluji et al.
1988). The a-2 agonist guanfacine reduces the ACTH
response to hypoglycaemia (Lancranjan, Ohnhaus &
Girard, 1979), which is compatible with the inhibitory
effect of a-2 adrenoceptor activation in the stressed
dog. It is unclear if activation of a-2 adrenoceptors is
an important regulatory mechanism during hypogly
caemia, as the relevant studies with the antagonists
have apparently not been carried out.
The data on the effects of central (3 adrenoceptor
activation on ACTH secretion have been too scanty to
permit a general conclusion. In anaesthetized rats
with transected pituitary stalks, Plotsky (1987) found
that cerebroventricular injections of large doses of
noradrenaline inhibited the secretion of CRF-41 and
the effect was blocked by propranolol. In contrast,
Szafarczyk et al. (1987) reported that cerebroventricu
lar injections of similar doses of noradrenaline in
awake rats stimulated ACTH secretion and the effect
was partially blocked by propranolol. The latter
drug also reduced the ACTH response to ether stress
J. Endocr. (1988) 119, 5-14

(Szafarczyk et al. 1987) but had no effect on the CRF41 response to hypotension (Plotsky, 1987). Tilders et
al. (1986) suggested that activation of (3 adreno
ceptors in the median eminence may stimulate ACTH
secretion, but |3 adrenoceptor blockade with large
doses of propranolol had no effect on the ACTH
responses to a variety of stressful stimuli, suggesting
that this mechanism may not have a physiological
role in the control of ACTH secretion in the rat
(Berkenbosch, Vermes & Tilders, 1984). It has not
been possible to study the effects of activation of
central (3 adrenoceptors in man, due to the lack of
agonists with adequate penetration of the bloodbrain barrier. Activation of peripheral (3-1 and (3-2
adrenoceptors with relatively selective drugs has no
effect on ACTH secretion (Al-Damluji et al. 1987*/)
and most investigators have found that (3 adreno
ceptor blockade does not alter the adrenocortical
response to hypoglycaemia in man (Abramson, Arky
& Woeber, 1966; Clarke, Santiago, Thomas et al.
1979). More studies are required to clarify the roles
of a-2 and (3 adrenoceptors in the control of ACTH
secretion.
In man, there is evidence that activation of peri
pheral adrenoceptors with adrenaline and noradrena
line inhibits the secretion of ACTH basally and in
response to CRF-41 (Wilcox et al. 1975; Al-Damluji
et al. 1987a,*/). The mechanism of this effect may be by
elevation of blood pressure and activation of atrial
stretch receptors (Gann et al. 1978) or by inhibition
by noradrenaline of the secretion of vasopressin
(Shimamoto & Miyahara, 1976), which is a constituent
of the CRF complex.
Studies on the effects of adrenergic agonists on the
secretion of corticotrophin-releasing factor by rat
hypothalamic fragments in vitro have not yielded con
sistent results. Evidence has been presented for both
stimulation by a agonists (Saffran & Schally, 1955;
Fehm, Voigt & Pfeiffer, 1980; Calegoro et al. 1988)
and (3 agonists (Tsagarakis et al. 1988), and inhibition
by a and (3 agonists (Hillhouse, Burden & Jones, 1975;
Buckingham & Hodges, 1979; Suda, Yajima, Tomori
et al. 1987) of CRF bioactivity and immunoreactivity.
At present, there are difficulties in extrapolating the
data to the physiological situation in vivo; the hypo
thalamus is normally subject to stimulatory and inhi
bitory influences from other parts of the brain, so the
responses obtained from the isolated fragment may
not be the same as in vivo. In addition, the adminis
tration of an exogenous agonist may activate adreno
ceptors that are not innervated (Minneman et al.
1979; U’Prichard et al. 1980), which may result in re
sponses that are not seen when endogenous catechol
amine systems are activated. Comparison of various
studies is difficult because of differences in the size of
the hypothalamic fragments. Recent abandonment of
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CRF bioassays in favour of CRF-41 RIAs is unfortu
nate, as it ignores the fact that the hypothalamus pro
duces a multifactor CRF complex.
Summary

Although the data on the effects of adrenergic
mechanisms on the secretion of ACTH had seemed
confusing, most of the discrepancies are probably
explicable on the basis of methodological differences.
In the present state of knowledge, the following con
clusions seem reasonable. (1) In both man and rat,
activation of central a-1 adrenoceptors is followed by
increased ACTH secretion and this mechanism is
important in the control of secretion of this hormone
under some physiological circumstances. (2) In man,
■
“peripheral circulating catecholamines do not stimu
late ACTH secretion under physiological conditions.
This conclusion probably also applies to the anterior
' pituitary corticotrophs of the rat. (3) In the rat, p-2
adrenoceptor agonists stimulate the intermediate lobe
by a direct action that is physiologically relevant. (4)
The role of central p and a-2 adrenoceptors requires
further investigation.
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Abstract. This study examined the effects of an alpha-2-adrenoceptor antagonist on the secretion of ACTH basally and in
response to the opioid antagonist naloxone, which is known to stimulate ACTH secretion by an adrenergic mechanism. Eight
normal men were given, in double-blind, random order, intravenous infusions of normal saline (placebo), idazoxan (alpha-2adrenoceptor antagonist), naloxone and the combination of idazoxan and naloxone. Naloxone increased plasma ACTH and
cortisol concentrations in comparison to placebo. Idazoxan significantly enhanced the ACTH and cortisol responses to naloxone
but had no effect on plasma ACTH or cortisol concentrations when given alone. These findings suggest that during some conditions
of increased ACTH secretion, inhibitory alpha-2-adrenoceptors are activated and that these receptors limit the ACTH response.
This provides an explanation for some of the apparent contradictions in interpreting the data from previous studies on the effects of
catecholamines on the secretion of ACTH.

The hypothalamic paraventricular nucleus receives a dense
noradrenergic innervation and synaptic contacts have been
demonstrated between noradrenergic neurones and cells im
munoreactive to corticotrophin-releasing factor-41 (CRF-41)
and vasopressin [31, 36, 37]. The role of adrenergic mechanisms
in the control of the hypothalamo-pituitary-adrenal axis has
been the subject of much interest. In man, activation of alpha1-adrenoceptors stimulates the secretion of ACTH by an action
that appears to be in the central nervous system [2]. This effect is
demonstrable both following the administration of an exoge
nous agonist and following the activation of endogenous cate
cholamine systems [6], These stimulant alpha-1-adrenoceptors
are important in the control of ACTH secretion under some
physiological situations in man [3, 4]. In experimental animals,
interpretation of the data has been controversial, but most of
the differences are probably explicable on the basis of m ethodo
logical problems that have been reviewed recently [7]. Several
recent studies in rats have also demonstrated that activation of
central alpha-1-adrenoceptors results in an increase in the se
cretion of ACTH [33, 41, 42]. In this study, we have examined
the role of alpha-2-adrenoceptors in the control o f ACTH secre
tion in man.
1 Supported by the Medical Research Council.
Received: February 22, 1989
Accepted after revision: May 30, 1989

In the central nervous system, alpha-2-adrenoceptors are
found in the regions that contain the cell bodies of the adrener
gic and noradrenergic neurones, and in the areas to which these
neurones project, including the hypothalamic paraventricular
nucleus [30, 44], Alpha-2-receptor binding sites are found in
the regions of the paraventricular nucleus that are immunoreac
tive to CRF-41 and vasopressin neurophysin [14]. These recep
tors are located both presynaptically (on the noradrenergic
neurone) and postsynaptically (on the target neurone) [45]. In
both cases, activation of these receptors inhibits the firing of the
neurone [11, 26]. When the neurones are firing, activation of
presynaptic alpha-2-adrenoceptors is believed to act as a nega
tive feedback mechanism, whereby noradrenaline limits its own
release [1].
The catecholamine neurones in the brain stem are inner
vated by enkephalinergic nerve fibres and activation of opioid
receptors inhibits the activity of the noradrenergic neurones [27,
32]. This inhibitory opioid action appears to be involved in
regulating the noradrenergic neurones that innervate the alpha1-adrenoceptors which stimulate the release of hypothalamic
corticotrophin-releasing factors; naloxone increases noradrena
line turnover in rat hypothalamus [43] and stimulates the secre
tion of ACTH in man [47] by an alpha-1-adrenergic mechanism
[23], This implies the existence of a tonic opioid inhibition of
the noradrenergic neurones that control the hypothalamopituitary-adrenal axis. We have used this stimulation of ACTH
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secretion by naloxone to study the effects of a highly selective
alpha-2-adrenoceptor antagonist under basal conditions and
during increased secretion of the hormone.
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Eight normal male subjects attended the Metabolic Ward on four
occasions each at intervals of 7 days, having fasted from midnight.
Forty-five minutes following the placing of a cannula in a forearm vein,
they were given one of the following intravenous infusions under dou
ble-blind, randomized conditions: idazoxan 0.1 m g/kg in 0.1 m l/kg
0.15 A/ saline, given over 12.5 min followed by naloxone 0.1 m g/kg
given over 2 min; idazoxan followed by saline; saline followed by na
loxone; saline followed by saline. The subjects were kept recumbent
throughout the study period. Blood samples were taken at 15-min inter
vals and heart rate and blood pressure were recorded automatically at
3-min intervals using a Dinamap recorder. Linear visual analogue
scales as indices of behavioural arousal were administered before the
drug infusions and at 60-min intervals thereafter for 2 h. These analogue
scales have been described previously and have been shown to be sensi
tive to physiological changes in behavioural arousal [6]. In addition,
linear visual analogue scales (100 mm) for the assessment of sexual
function were administered at the same times (desire for sex: strong none; erectability o f penis: hard - floppy).
Plasma ACTH concentrations were measured by a two-site immunoradiom etric assay (IRM A), using monoclonal antibodies [49],
Plasma cortisol concentrations were measured by radioimmunoassay
[5] and plasma adrenaline and noradrenaline concentrations were mea
sured by high performance liquid chromatography followed by electro
chemical detection [9]. The intra- and interassay coefficients o f variation
for these assays were all less than 10%.
Informed, written consent was obtained from all the subjects, and
the study was approved by the Ethical Committee o f St. Bartholomew’s
Hospital. Physical examination, electrocardiogram and a series of
haematological and biochemical tests were normal in all the subjects.
The total blood volume taken was 400 ml.
The data are expressed as the means ± standard errors of the mean.
Statistical examination was by analysis of variance of changes in the area
under the curve, using the -1 5 min time point as the baseline.
Idazoxan was a gift from Reckitt&Colman, Kingston Upon Hull, UK,
and naloxone was purchased from Du Pont (UK) Ltd., Stevenage, UK.
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Fig. 1. The effects of idazoxan (0.1 m g/kg) and naloxone (0.1 m g/
kg), alone and in combination, on plasma ACTH and cortisol concen
trations in 8 normal males. ■ = Saline; ▲ = idazoxan; • = na
loxone; O = idazoxan with naloxone.

Results
The administration o f naloxone increased the plasma con
centrations of ACTH and cortisol in comparison to placebo
(p < 0.05; fig. 1). When administered alone, idazoxan had no
effect on the secretion of ACTH or cortisol in comparison to
placebo. However, the ACTH and cortisol responses to the
combination of idazoxan and naloxone were significantly
greater than those to naloxone alone (p < 0.02 for both hor
mones).
Naloxone had no effect on the cardiovascular measurements
or plasma catecholamine concentrations in comparison to pla

cebo. Idazoxan caused small increases in plasma noradrenaline
concentrations (p < 0.05) and blood pressure and reduction in
heart rate in comparison to placebo (0-60 min period: systolic:
p < 0 .0 1 ; diastolic: p < 0 .0 2 ; heart rate: p < 0.001; 60-120 min
period: systolic: p < 0 .0 2 ; diastolic: not significant; heart rate:
p < 0 .0 5 ; table 1, fig. 2). The combination of naloxone with
idazoxan caused no enhancement of these responses. Neither
drug on its own had any effect on plasma adrenaline concentra
tions, but there was a small increase in plasma adrenaline in
response to the combination compared to placebo (p <
(p < 0 .0 2 ).
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Table 1. Effects of naloxone and idazoxan on plasma catecholamine
concentrations expressed as mean ± SEM changes in the area under
the curves
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Fig. 2. The effects of idazoxan (0.1 m g/kg) and naloxone (0.1 m g /
kg), alone and in combination, on mean systolic blood pressure in 8
normal males.

There were no significant changes in any of the visual ana
logue scales of behavioural or sexual arousal following the ad
ministration of either drug or their combination in comparison
to saline (data not shown). No side effects or unpleasant sensa
tions were reported.

Discussion
The enhancement by idazoxan of the stimulant effect of na
loxone on the secretion of ACTH suggests that during some
conditions of increased ACTH secretion, inhibitory alpha2-adrenoceptors are activated. In contrast, idazoxan on its own
had no effect on the secretion o f ACTH in these recumbent
human subjects under basal conditions, as previously described
[6]. This suggests that alpha-2-adrenoceptors are not involved in
the regulation of ACTH secretion under basal conditions. The
observation that the alpha-2-adrenoceptor agonist clonidine
had no inhibitory action on cortisol secretion in human subjects
under similar conditions [25] is compatible with this interpreta
tion. Small reduction o f cortisol secretion [8, 29] and lack of
effect on beta-endorphin concentrations [ 19] have also been re
ported following administration o f clonidine in man.
Under conditions of increased noradrenergic neuronal activ
ity, presynaptic and postsynaptic alpha-2-adrenoceptors can be
expected to be activated, thus limiting noradrenaline release
and the firing rate of the target hypothalamic neurone. Block
ade of these alpha-2-receptors would be expected to remove
these inhibitory actions and this presumably accounts for the
enhancement of the action of naloxone by idazoxan in this
study.

Placebo

Idazoxan

Naloxone Idazoxan +
naloxone

20 ± 9

57 ± 22

7 ± 9

54 ± 6

9 ± 6

8 ± 5

24 ± 10

3 ± 3

In a study of the behavioural effects of combined opioid and
alpha-2-adrenoceptor blockade, Chamey and Heninger [12]
found that yohimbine enhanced the stimulant effect of na
loxone on the secretion of cortisol. This study confirms and ex
tends their findings by the use of a more selective alpha-2adrenoceptor antagonist and measurement of plasma ACTH
concentrations. Charney and Heninger also reported that the
combination of naloxone and yohimbine had an anxiogenic ef
fect and caused penile erections. Those findings were not con
firmed in this study. These differences may be attributable to the
larger dose of naloxone (1 m g/kg) used by Chamey and Henin
ger or to actions of yohimbine on nonadrenergic mechanisms.
Idazoxan is a highly selective alpha-2-adrenoceptor antago
nist that has no significant activity at opioid, histamine, acetyl
choline, serotonin or dopam ine receptors [ 15, 48]. It is far more
selective in its action than the previously used antagonist, yo
himbine, which also acts on alpha-1-adrenergic, dopaminergic
and serotonergic receptors [16, 22, 48]. In the dose used in this
study, idazoxan abolishes the sedative action of the alpha2-adrenoceptor agonist clonidine in man, indicating that it
exerts significant alpha-2-adrenoceptor antagonist activity in
the central nervous system [13]. Idazoxan caused a small in
crease in blood pressure and an accompanying bradycardia,
which is compatible with its alpha-2-adrenoceptor antagonist
activity. In the doses used in this and in a previous study [6],
idazoxan had small or no detectable effect on plasma noradren
aline concentrations, presumably because the latter repres
ents a spill over of noradrenaline released from the peripheral
sympathetic neurones. The efficacy of an alpha-2-adrenoceptor
antagonist is partly dependent upon the concentration of nor
adrenaline at the receptor [17, 18]; as noradrenaline release
from sympathetic neurones is minimal under basal circumstan
ces, this may explain the relatively small changes in sympathetic
activity and the lack of effect on ACTH secretion under basal
conditions. Idazoxan enhances the plasma catecholamine re
sponse to exercise in man [40], which is compatible with the
concept that alpha-2-antagonists are more effective when
neuronal firing is increased. Yohimbine increases hypothalamic
noradrenaline turnover and ACTH secretion in rats subjected to
intraperitoneal injections and decapitation [38, 39]. It is possi
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ble that this may reflect differences in the relative role of alpha2-adrenoceptors between man and the rat. However, these dif
ferences between the rat and human data may also be attribut
able to the difficulty in attaining basal conditions in control and
experimental animals that are handled during the study; it is
possible that alpha-2-antagonists may have a smaller effect on
ACTH secretion in chronically cannulated rats to enable remote
blood sampling and drug administration.
It is interesting that the positive interaction between alpha-2
and opioid antagonists was observed only on the secretion of
ACTH but not on the peripheral sympathetic nervous system,
as assessed by changes in heart rate, blood pressure and plasma
catecholamine concentrations. This is despite the fact that these
drugs were administered intravenously, which would presum
ably result in higher concentrations at peripheral than at central
sites. It therefore appears that in man, the interaction of alpha-2
and opioid mechanisms may operate in the central nervous sys
tem but not in the periphery. This requires further investigation.
Opiates also inhibit the ACTH response to CRF-41 in man and
it has been suggested that this may be due to inhibition of the
secretion of endogenous vasopressin, which acts synergistically
with CRF-41 [24, 35]. Naloxone is unlikely to act directly on the
corticotrophs, as the stimulant action of this drug is abolished
by an alpha-1-antagonist [23]; activation of pituitary adreno
ceptors does not stimulate ACTH secretion in man [2, 5].
The suggestion that alpha-2-adrenoceptors inhibit ACTH
responses may account for some of the findings of previous in
vestigators that central noradrenergic mechanisms may inhibit
the hypothalamo-pituitary-adrenal axis. Thus, in the anaesthe
tized dog undergoing laparotomy, cerebroventricular injections
of the alpha-2-adrenoceptor agonists adrenaline, noradrenaline
and clonidine inhibited adrenocortical activity [20, 21, 46]. The
inhibitory action of clonidine was abolished by phenoxybenza
mine and yohimbine, which are antagonists at alpha-2-adrenoceptors [20, 34]. Further evidence for the existence of inhibitory
postsynaptic alpha-2-adrenoceptors was provided by the find
ing that the selective alpha-1-agonists methoxamine and phe
nylephrine did not reproduce the inhibitory action of clonidine,
whose effects persisted after the administration of 6-hydroxydo
pamine and alpha-methyl-/?-tyrosine [21]. In addition, the ob
servation that yohimbine increased both hypothalamic nor
adrenaline turnover and ACTH secretion suggested the involve
ment of inhibitory presynaptic alpha-2-receptors [38]. Other
aspects of those early studies have been reviewed recently [7]. It
is therefore possible that cerebroventricular noradrenaline in
jections may exert different effects on ACTH secretion, depend
ing on whether the hypothalamo-pituitary-adrenal axis and the
central adrenergic systems are stimulated or quiescent; under
basal conditions, noradrenaline stimulates ACTH secretion by
activation of alpha-1-adrenoceptors, whereas during stress, acti
vation of alpha-2-adrenoceptors inhibits ACTH secretion. The
observation that the alpha-2-agonist guanfacine reduces the
ACTH response to hypoglycaemia in man [28] is compatible
with this interpretation. As postsynaptic alpha-2-adrenoceptors

are found on the hypothalamic neurones that regulate the secre
tion of ACTH, it is likely that administration of an alpha-2adrenoceptor agonist will reduce the ACTH response to most
stimuli that involve the hypothalamus, regardless of whether
they are mediated by central adrenergic neurones.
A considerable amount of evidence therefore suggests that
in the rat, dog and man, activation of alpha-2-adrenoceptors
inhibits the hypothalamo-pituitary-adrenal axis. Recently, CaIogero et al. [10] provided evidence that in rat hypothalamic
fragments cultured for 18 h, CRF-41 secretion is stimulated by
activation of alpha-2- as well as alpha-1-adrenoceptors. The
reasons for this reported difference are unclear but may be
related to changes in the responsiveness of the hypothalamus
when it is isolated from the other brain regions, in the character
istics of the receptors in culture, or to the possibility that other
hypothalamic factors may play a more important role than
CRF-41 in mediating the ACTH response to alpha-1-adreno
ceptors.
In summary, this study suggests that while alpha-2-adrenoceptors are not involved in the regulation of the hypothalamopituitary-adrenal axis under basal conditions in man, their in
hibitory action becomes important when ACTH secretion is
stimulated. The interaction with the opioid antagonist also sug
gests that the two inhibitory mechanisms (opioid and alpha2-adrenergic) act ‘in series’ to limit noradrenergic activity; when
the inhibitory opioid tone is removed, inhibitory alpha-2adrenoceptors come into play. Combined blockade of alpha-2
and opioid receptors should therefore be an effective method of
activating endogenous catecholamine systems.
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Vasopressin Mediates ai-Adrenergic Stim ulation of
Adrenocorticotropin Secretion*
SAAD A L-D A M LU JI, R O G E R TH O M A S, A N N E W H IT E , AND M IC H A E L B E S S E R
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Medical College of St Bartholomew’s Hospital London ECIA 7BE, United Kingdom; and the Department of
Clinical Biochemistry (A. WJ, University of Manchester, Manchester, United Kingdom

ABSTRACT. In conscious rats bearing venous and cerebroventricular cannulae, central administration of the au-adrenergic
agonist methoxamine stimulated the secretion of ACTH, and
the effect was reduced by the a,-antagonist prazosin. Methox
amine was more potent in stimulating ACTH secretion when
injected icv than peripherally, suggesting that the stimulant a,adrenoceptors are located in the brain rather than in the periph
ery. In order to investigate the relative roles of hypothalamic
CRF-4I and vasopressin as mediators of the stimulant effects of
an-adrenoceptors on ACTH secretion, we examined the effects
of equipotent doses of antagonists to CRF-41 and vasopressin
on the ACTH response to methoxamine. The effect of methox

amine was reduced by the vasopressin antagonist dPTyr(Me)
arginine vasopressin but not by the CRF-41 antagonist or-helical
CRF-9-41, suggesting that vasopressin is more important than
CRF-41 in mediating the effects of oh-adrenoceptors on ACTH
secretion. However, the combination of the two antagonists
caused a reduction in the ACTH response to methoxamine that
was greater than that of the vasopressin antagonist alone. This
suggested that CRF-41 plays some role in this response, possibly
by enhancing the activity of vasopressin in a synergistic manner.
These two hypothalamic peptides seem to account for most of
the ACTH releasing activity of a { adrenoceptor activation. (En
docrinology 126: 0000-0000, 1990)

H E hypothalam ic p arav en tricu lar nucleus receives
regulated by catecholam inergic neurons (11). However,
increased A C T H secretion is seen after activation of
a dense noradrenergic in n erv atio n from th e brain
stem , and the role of th e catecholam ines in th e controlendogenous catecholam ine system s in m an (12, 13), sug
gesting th a t th e stim u lan t a ,-ad ren o cep to rs are indeed
of pituitary horm one secretion has received m uch in te r
innervated by catecholam inergic neurons. T h e physio
est. In m an, activation of a!-adrenoceptors stim u lates
logical significance of these ai-ad ren o cep to rs has been
the secretion of A C TH (1-3). M ethoxam ine is a highly
dem onstrated in two situ atio n s in man; th e cortisol se
selective on-adrenoceptor agonist th a t crosses th e blood
cretory p a tte rn during w aking hours and th e A C T H and
brain barrier after iv ad m in istratio n (4-6). T h is drug
cortisol responses to feeding are both enhanced by an a\stim ulates th e secretion of A C T H in m an in a doseagonist an d reduced by an c^-antagonist, suggesting th a t
dependent m anner, an d the effect is abolished by prethey are m ediated by ai-ad ren o cep to rs (14,15). A lthough
treatm en t w ith th e selective a,-ad ren o cep to r an tag o n ists
in te rp reta tio n of the d a ta from early experim ents in
thym oxam ine and prazosin (7, 8). T h e effects of m e th 
anim als was controversial (for review, see Ref. 16), recent
oxamine are not reproduced by eq uipotent doses of n o r
evidence in th e ra t also suggests th a t activation of a ,adrenaline (7), an a!-adrenoceptor agonist th a t reaches
adrenoceptors stim ulates A C T H secretion (17-19).
the p itu itary gland and th e m edian em inence a fte r an iv
We have now exam ined th e effects of activ atio n of a\injection, b u t does not cross th e blood-brain b arrier (9,
adrenoceptors
w ith m ethoxam ine on the secretion of
10). T hese results suggested th a t th e a \-adrenoceptors
ACTH
in
the
ra
t and studied som e details of th e m ech
th a t stim ulate ACTH secretion are located in th e brain,
anism
s
of
th
is
effect.
T h e secretion of A C TH is stim u 
rather th a n in the p itu itary or th e periphery. T h e anlated
by
two
hypothalam
ic peptides, CRF-41 (20) and
and d-adrenergic properties of n o radrenaline did not
vasopressin
(21),
which
may
act individually or synergisaccount for the differences from m ethoxam ine (7). M any
tically
in
stim
ulating
A
C
TH
secretion (22, 23). In ad d i
adrenergic receptors in th e brain are not in n erv ated or
tion, there is evidence for th e existence of o th e r su b 
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stances w ith corticotropin releasing activity in th e hy
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pothalam us (24). C atecholam inergic neurons te rm in a te
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in the vicinity of both CRF-41 a n d vasopressin neurons
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(25, 26), and a!-adrenoceptors have been identified by
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nucleus th a t im m u n o stain for b o th th ese p ep tid es (27).
A ctivation of aq-adrenoceptors stim u la te s th e secretion
of b oth CRF-41 (18) a n d v asopressin (28, 29). However,
it is unclear w hich, if e ith e r of th ese p ep tid es is th e m ajor
m ediator of th e A C T H response to an-adrenergic a c ti
vation. We have therefo re ex am ined th e relativ e roles of
CRF-41 and vasopressin in m ediatin g th e effects of a n adrenoceptors, by com paring th e effects of eq u ip o ten t
doses of an tag o n ists to C R F-41 and v aso p ressin on th e
A C TH response to m eth o x am in e. E x p erim en ts were First
carried out to find e q u ip o te n t doses o f C R F-41, vaso
pressin, and m ethoxam ine. A fter th a t, doses o f th e a n 
tagonists were d eterm in ed th a t could block th e effects of
CRF-41 and vasopressin, respectively. F inally, th e effects
of these doses of th e a n ta g o n ists on th e A C T H response
to m ethoxam ine were exam ined.

M a terials and M ethods
Animab

Male Wistar rat3 weighing 200-250 g (Bantin & Kingman,
Hull, UK) were housed four per cage and were given food and
water ad libitum. The animals were handled daily and were
studied at least 7 days after arrival. Under halothane anes
thesia, the left lateral cerebral ventricle was cannulated (coor
dinates 1.5 mm lateral and 1 mm caudal to the bregma) with a
stainless steel needle (id 0.3 mm, od 0.4 mm, internal volume 1
m1) filled with artificial cerebrospinal fluid (CSF). The cannula
was inserted to a depth of 3 mm, screwed to the skull, and
secured with dental cement. Neomycin powder was sprayed
over the area, and the skin was closed with Michel clips. The
animals were housed in individual cages and inspected and
handled daily. They were given food and water ad libitum until
they were studied 5 to 7 days later. On the day of the study,
the right external jugular vein was cannulated under halothane
anesthesia with polyethylene tubing (Portex, City, UK) filled
with a solution of glucose 18.8% and heparin 125 U /m l of 0.9%
saline. The cerebroventricular cannula was connected to poly
ethylene tubing (id 0.4 mm; Portex) filled with CSF or drug
and exteriorized at the back. The animals always recovered
rapidly and were placed in individual cages. Studies were com
menced 6 h after full recovery from the anesthetic, during
which time they were given a total of 1 ml of the above glucoseheparin-saline solution iv. Blood sampling and drug injections
were carried out without disturbing the animals. Blood samples
(500 nl) were taken before and 15, 30, and 60 min after the end
of the drug infusion and were replaced with normal saline at
37 C. Cerebroventricular injection volumes were 10 jxl at a rate
of 1 jid/min, and iv injections were 500 ^1 over 15 min. Blood
samples were centrifuged at 4 C, and the plasma was frozen on
dry ice and stored at —20 C for subsequent assay. After the end
of the experiment, the animals were killed, and the position of
the cerebroventricular cannula was checked with an injection
of blue dye.
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Methoxamine, arginine vasopressin (AVP), rat CRF-41, and
the CRF-41 antagonist, a-helical CRF-9-41 (30) were obtained
from Sigma (city, UK) and prazosin from Pfizer (Sandwich,
Kent, UK). The vasopressin antagonist [1-deaminopenicilLamine, 2-(0-methyl) tyrosine] AVP (dPTyrMeAVP) (31) was a
gift from Dr. M. Manning (Toledo, OH). Drugs were dissolved^^.
in artificial CSF for cerebroventricular injection or in 0.9%
saline containing globulin-free BSA (1 mg/ml) and ascorbate
(1 mg/ml) for iv injection. Artificial CSF consisted of sodium
chloride 138.5 mM/liter, potassium chloride 3.35 mM/liter, cal
cium chloride 1.26 mM/liter, magnesium chloride 1.16 mM/
liter, sodium bicarbonate 21 mM/liter sodium dihydrogen or
thophosphate 0.5 mM/liter, urea 2.2 mM/liter and glucose 3.4
mM/liter of sterile water.
Assays
Plasma ACTH concentrations were measured by a two site
immunoradiometric assay using mouse monoclonal antibodies
directed at the terminal ends of the ACTH molecule (32). In
15 consecutive assays, the sensitivity (concentration at 2.5 SD
from 0) was 4.7 ± 0.5 ng/liter. The intraassay coefficient of
variation was 6.4 ± 0.4% at 50 ng/liter and 4.7 ± 0.3% at 100
ng/liter. The interassay coefficient of variation was 10% at 100
ng/liter. Rat and human ACTH share common amino and
carboxy terminals and differ in only 2 amino acids in the middle
part of the molecule (positions 26 and 29). Rat and human
plasma dilute in parallel in this ACTH immunoradiometric
assay, and similar values are obtained for rat ACTH in this
assay and in a conventional single antiserum ACTH assay (A.
White, unpublished observations).
Statistics

The data are expressed as the means ± SEM of the vaiues at
individual time points or of changes in the area under the curve
(CAUC). Statistical assessment was by analysis of variance
(ANOVA) of CAUC, and individual time points were compared
by the paired Student’3 t test.

R esu lts
T he effects of m ethoxam ine, w ith and w ithout prazosin,
on A C T H secretion
In groups of six rats, intracereb ro v en tricu lar (icv) in 
fusion of m ethoxam ine (0.1 mg, 390 nM) caused a signif
icant increase in^th e secretion of A C TH in com parison
to placebcf^Fig. 1\ P < 0.01, ANOVA of CAUC). T he
com binatrqn oCprazosin (420 ng icv) w ith m ethoxam ine
was followed by a sm aller increm ent in plasm a A CTH
concen tratio n s (P < 0.05 a t 15 min; ANOVA of CAUC
not significant from m ethoxam ine).
Comparison of the effects of icv and peripheral injection
of m ethoxam ine on the secretion of A C T H
In groups of four rats, methoxamine (0.1-0.3 mg; 3901170 nM) stim ulated the secretion of A C T H in a dose-
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and widening of the palpebral fissures. T hese were not
seen when the drug was injected icv. No signs of behav
ioral arousal were observed after the icv adm inistration
of m ethoxam ine.

250

200

Plasm a
ACTH

Determination ofequipotent doses ofmethoxamine, CRF41, vasopressin, and their antagonists

150

In groups of six rats, indistinguishable A CTH re
sponses were obtained to iv infusions of CRF-41 3 Mg/kg
(0.64 mM/kg) and vasopressin 0.4 Mg/kg (0.37 nM/kg) and
to^ie^fcdnfusions of m ethoxam ine 0.4 m g/kg (1.5 /iM/kg)
/(Fig. 3). P retreatm en t w ith the CRF-41 antagonist a-~
ireUca! CRF 9-41 100 /ig and th e vasopressin antagonist
dPTyrM eA V P 50 jzg iv antagonized the stim u lan t effects
of the a^ove^doses of CRF-41 and vasopressin, respectiv e l/tF ig . 4).

n g/l
1 0 0

50

30
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45

60

Minutes
F ig . 1. The effects of methoxamine, with and without prazosin, and
placebo (artificial CSF) on the secretion of ACTH in groups of six male
rats. O, CSF; ®, methoxamine 0.1 mg icv; ▲, methoxamine 0.1 mg +
prazosin, 420 ng icv.

400 r
icv

300 \-

Change in
plasma
ACTH ng/l
( 1 5'-0)

0t> 3

200

The effgrfs of iv infusions of CRF-41 and vasopressin
antagonists on the A C T H response to methoxamine
T he stim ulant effect of icv infused m ethoxam ine, 0.4
mg/kg, was not reduced bv p re trea tm en t w ith a -h e lica l^ .
CRF-9-41 100
A CTH concentrations were
slightly higher aiW /Jjie^com bination of m ethoxam ine
and a-helical CRF 9-41 in com parison to m ethoxam ine,
but th e difference was not statistically significant. Pretre a tm e n t with the equipotent dose of th e vasopressin
antagonist iv significantly reduced th e A CTH response
to m ethoxam ine (P < 0.05, ANOVA of CAUC). W hen
the anim als were pretTeated w ith th e com bination of
CRF-41 and vasopressin antagonists in th e above doses
iv, there was a further reduction in th e A CTH response
to centrally injected m ethoxam ine (P < 0.02 vs. m e th 
oxamine; P < 0.05 vs. m ethoxam ine + vasopressin a n 
tagonist; ANOVA of CAUC).

1 0 0

D iscu ssion
0

-5 0
0.1

0.2

0.3

mg methoxamine
The relationship of methoxamine dose to plasma ACTH re
sponse, expressed as the mean ± SEM change in plasma ACTH concen
trations (15 min, baseline) in groups of four male rats. The injections
were administered in the left lateral cerebral ventricle (O) or iv (;J).

F ig . 2.

it m anner after both iv an d icv ad m in istratio n
lg. 2 ).)However, th e drug elicited g reater responses
^wheruitijected icv th a n peripherally. A fter th e iv ad m in 
istratio n of m ethoxam ine, signs of p eripheral a-adrenoceptor activation were observed, including piloerection

By using a highly selective agonist and antagonist, we
have dem onstrated a stim u la n t effect of a T-adrenoceptors on the secretion of A C TH in the rat. Previous studies
of the effects of central injections of catecholam ines on
the secretion of ACTH yielded apparently contradictory
data. T his is probably due to th e nonselective nature of
the adrenergic agonists th a t were used (adrenaline, n o r
adrenaline, and clonidine). T hus, central injections of
noradrenaline inhibited adrenocortical activity in the
anesthetized dog undergoing surgical stress (33, 34) but
stim ulated it in the ra t and in the cat under basal
conditions (35,36). A likely explanation for this ap p aren t
contradiction is th a t noradrenaline injections exert dif
ferent effects on A CTH secretion, depending on w hether
the hvpothalam o-pituitary adrenal axis and th e central
adrenergic system s are active or quiescent. U nder basal

iv ie m o x a m m e u.*+mg/Kg

U H H .I 3/JLg/Kg

A VP 0 .4 ju g /k g
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200p
Fig. 3. The effects of icv infusions of
methoxamine 0.4 mg/kg (1.5 mM/kg) and
iv infusions of CRF-41 3 MgAg (0-64 n M /
kg) and vasopressin 0.4 <ig/kg (0.37 n M /
kg) on plasma ACTH concentrations in
groups of six rats. The data are expressed
as the means ± SEM.
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50 Mg iv on the ACTH responses to their respective agonists. The data
are expressed as the means ± SEM of changes in plasma ACTH
concentrations (15 min, baseline).

conditions, noradrenaline stim ulates A C T H secretion by
activation of a]-adrenoceptors, w hereas during condi
tions of increased A C TH secretion, activ atio n of a 2adrenoceptors inhibits secretion of th e horm one (13, 37,
38). The stim ulant effect of icv n o radrenaline injections
on the hypothalam o-pituitarv adrenal axis in the ra t has
been shown to be blocked by th e selective^al antagonists
/ 7 prazosin and corynanthine (17, 18). I^-h as therefore
become clear th a t in th e rat, as in m an, activation of ai
adrenoceptors stim ulates th e secretion of A C TH .
We found th a t m ethoxam ine was m ore p o te n t in stim 
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ulating ACTH secretion when injected icv th a n periph
erally. Higher brain concentrations of m ethoxam ine can
be expected to be achieved after adm inistration of the
drug centrally th an iv, and this presum ably accounts for
the greater potency of the icv route of adm inistration. If
th e a! adrenoceptors th a t stim ulate the secretion of
ACTH were located peripherally, a sm aller ACTH re
sponse to centrally adm inistered m ethoxam ine would be
expected, as lower peripheral drug concentrations would
be achieved th a n by the iv route. The more potent action
of m ethoxam ine when injected icv in the rat is com pati
ble with the interpretation of the d ata from the hum an
experim ents, in which it was concluded th a t the stim u
lant ai-adrenoceptors are located in the brain, presum 
ably m odulating the secretion of the hypothalam ic CRF
complex (7). T his stim ulation of ACTH secretion by
m ethoxam ine occurs in the absence of behavioral stim 
ulation, consistent w ith previous observations using sim 
ilar doses of m ethoxam ine injected into the lateral cere
bral ventricle in the rat (39, 40). W hen the drug is given
in doses at least 1000 tim es larger th a n the highest dose
used in this experim ent, it causes an increase in loco
m otor activity (40). In the doses used in man, m ethox
am ine has no behavioral stim ulant effects (8).
The ACTH response to m ethoxam ine was reduced by
a vasopressin antagonist but not by an equipotent dose
of a CRF-41 antagonist, indicating th a t vasopressin is
more im portant th an CRF-41 in m ediating the ACTH
response to activation of ai adrenoceptors. The source
of the vasopressin th a t stim ulates the secretion of ACTH
in response to a i adrenoceptor activation may be the
parvocelluiar neurons of the paraventricular nucleus via
the portal circulation, or from the m agnocellular neurons
and the posterior pituitary via the short portal vessels
(41). CRF-41 however does appear to play a role in the
ACTH response to ai-adrenoceptors, as the com bination
of both antagonists caused a further, statistically signif
icant decrease in the ACTH response to methoxamine.

10

F ig . 5. The effects of methoxamine,
with and without peptide antagonists, on
ACTH secretion, expressed as mean ±
SEM CAUC in groups of s ix male rats.
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A possible m echanism for th e involvem ent o f CRF-41
may be th a t th e peptide is released from th e h y p o th al
amic neurons in which CRF-41 a n d vasopressin are
colocalized; in norm al rats, all th e parvocellular vaso
pressin neurons contain CRF-41 b u t only half th e CRF41 neurons contain vasopressin (42, 43). A lternatively,
activation of a ra d re n o c e p to rs m ay stim u late CRF-41
neurons, b u t th e threshold of th e ir response m ay be
higher th a n th a t of th e vasopressin neurons. T h is m ay
explain why some investigators have been able to reduce
the ACTH response to norad ren alin e w ith CRF-41 a n ti
serum (17, 19). In addition, because of th e ir nonselective
pharm acological profiles, adren alin e a n d n o radrenaline
m ay stim ulate CRF-41 secretion by activ atin g adrenergic
receptor subtypes other th a n th e a!-class; in th e rat,
activation of d-adrenoceptors m ay stim u late A C T H se
cretion via an increase in th e release o f CRF-41 (44-46).
T hese findings m ake it likely th a t activ atio n o f a r
adrenoceptors results in dynam ic changes in th e secre
tion of vasopressin, but th a t th e presence of CRF-41 in
portal plasm a is im p o rtan t for am plifying th e effects of
these changes on th e secretion o f A C T H . A sim ilar
m echanism has been proposed for th e m ediation of th e
A CTH response to hypoglycem ia (47). However, ai-b in ding sites are found in the region o f th e CRF-41 neurons
(27), so it is possible th a t as th e in te n sity o f th e a d re n e r
gic stim ulus increases, CRF-41 n eu ro n s m ay be recruited,
resulting in an increase in th e co n cen tratio n of th is
peptide in portal plasm a (18).
T he com bination of both an ta g o n ists reduced th e
ACTH response to m ethoxam ine by 63%. T h e residual
effect m ay have been due to incom plete receptor blockade
or to the secretion of other hypothalam ic releasing fac
tors, the n atu re of which is u n c e rta in . As only ap p ro x i
m ately one th ird of the A C T H release in response to
m ethoxam ine persisted after p re tre a tm e n t w ith b oth a n 
tagonists, it would appear th a t any p a rt played by these
other factors in response to a!-ad ren o cep to rs is likely to
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methox

be a m inor one. One of these factors m ay be oxytocin,
which is colocalized w ith CRF-41 in som e hypothalam oneurohypophysial neurons (48, 49) an d synergizes w ith
CRF-41 (50). dPT yrM eA V P has some antioxytocinergic
activity (31), an d a role for oxytocin in m ediating the
A CTH response to ai-adrenergic stim u latio n c an n o t be
discounted. However, vasopressin is likely to be far more
im portant th a n any involvem ent by oxytocin, as th e
oxytocinergic neurons are sparsely in n erv ated w ith n o r
adrenergic neurons (51, 52).
T his study em phasizes th a t th e hypothalam us controls
A CTH secretion by a m u ltifactor com plex an d not by a
single releasing factor. T h is should be tak en into consid
eration in in terp retin g th e d a ta from experim ents th a t
have exam ined th e effects of th e catecholam ines on the
secretion of CRF-41 im m unoreactivity, as opposed to
bioactivity or th e final com m on p ath of secretion of
A CTH or corticosteroids.
Any cardiovascular effects of th e drugs used in these
studies are unlikely to account for th e ir effects on the
secretion of A C TH . T hus, injections o f m ethoxam ine
into the lateral cerebral ventricle m ay increase th e blood
pressure, an d th is has been a ttrib u te d to th e pressor
action of vasopressin, secreted in response to m eth o x 
am ine (28). E levation of blood pressure has been show n
to reduce, ra th er th a n increase p itu ita ry -ad ren al activity
(7). A dm inistration of vasopressin an ta g o n ists to n o r
m ally hydrated rats has no effect on th e blood pressure
(28). C entral ad m inistration of larger doses of prazosin
th a n those used in this study m ay cause hypotension,
b ut th is does not explain its blockade of th e action of
m ethoxam ine on A CTH secretion, as hypotension is a
stim ulus for A C TH secretion (53). M ethoxam ine is u n 
likely to have h ad direct effects on cerebral blood flow,
as the cerebral vasculature does not possess cxT-adrenoceptors, unlike th e peripheral vasculature (54).
In conclusion, in the rat, as in m an, activation of
central a ra d re n o c e p to rs stim u lates th e secretion of
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