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ABSTRACT

A delicate balance exists between the protective effects of adrenal glucocorticoids
(GCs) secreted in response to stress and the negative consequences that the excessive
production of these hormones may have for numerous systems. GCs are involved in the
regulation of the stress response, have effects on feeding and body weight gain and are
associated with the acceleration of central nervous system aging. Their production,
secretion, and containment are subject to both environmental modulation and individual
variation. Neonatal manipulations known to affect the development of the adult
hypothalamic-pituitary-adrenal (HPA) response to stress had profound effects on both
basal and stress-induced dietary choice, body weight and insulin dynamics. We followed
this study with an examination of how the physiological and emotional response to stress
can affect diet choices and affective status. Stress had an impact on diet choice and had a
strong effect on emotional status but did not affect subjects uniformly. We then explored
the reciprocal relationship, i.e. how diet itself can affect the response to stress and found
that basal and stress-induced activation of the HPA axis in both young and aged rats is
augmented following the feeding of high-fat diets and fat-feeding cause aberrations in
glucose-insulin axis. Since aging can be associated with profound changes in HPA axis
function, we assessed how dietary habits may contribute to the emergence of the cortisol
(F) profile in a population of healthy elderly humans. We found a strong positive
relationship between individual F production, feelings of depression and the high fat
content in their diets. While dietary habits may have a negative impact on the emergence
of an individuals’ cortisol profile and on the aging process, we wanted to explore whether

a beneficial intervention at mid-life would allow animals to age "successfully" by



reducing glucocorticoid production. Environmental enrichment lowered corticosterone
levels and spared animals from the negative effects of glucocorticoids on cognition;
environmentally enriched rats had lower overall B, higher glucose and performed as well
as young rats on a number of behavioral paradigms designed to assess memory and
anxiety. Taken together, these studies suggest that the damaging effects of adrenal
glucocorticoid production can be either augmented or avoided by both acute and chronic

environmental and dietary interventions imposed early on or late in life.
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RESUME

Un fragile équilibre existe, au sein de divers systemes physiologiques, entre
I’action protectrice qu’ exerce les hormones stéroidiennes sécrétées par les surrénales et
les conséquences négatives d’une exposition aigu et chronique a ces hormones. Les
glucocorticoides sécrétés par les glandes surrénales sont impliqués dans la régulation de
la réponse au stress et jouent un role primordial dans le contrdle de I’ appétit et le prise
ponderale de poids corporel. La production et {a sécrétion de ces hormones stéroidiennes
sont affectées par des variations de certains déterminants environnementaux et
individuels (physiques et psychologiques). Il a été démontré que certaines manipulations
néonatales affectant le développement de I’ axe hypothalamo-hypophyso-surrénalien
(HPA : hypothalamic-pituitary-adrenal) impliqué dans la réponse au stress pouvaient
provoquer chez l'adulte de profonds changements, basal et induits par le stress, dans les
comportements alimentaires, le poids corpore! et le taux d'insuline. Dans un premier
temps, NOUS avons poursuivi ces travaux et examiné comment la réponse psychologique
et physiologique au stress peut affecter les comportements alimentaires et les émotions.
Le stress en affectant le comporiement alimentaire peut jouer un role important sur les
émotions. Dans un deuxiéme temps, afin de mieux comprendre cette relation de
réciprocité stress-alimentation sur les états “émotifs” nous avons examiné comment la
diete en elle-méme peut affecter la réponse au stress. Nos résultats démontrent que
I’activation de I’axe HPA, les taux basal et induits par un stress, est augmenté suite a la
consommation d’ une diéte riche en gras chez des rats jeunes ou dgés. Il a été démontré
que le vieillissement peut étre associ€ avec de profonde modification du fonctionnement

de I'axe HPA. Afin de mieux cemner pourquoi ces modifications surviennent nous avons



examiné, dans une population en santé de personnes dgées, comment les habitudes
alimentaires affectent I'émergence de ce profil de sécrétion de la cortisone par les
surrénales. Nous avons observé une forte corrélation positive entre la production
individuelle de glucocorticoides, I’ apparition de troubles dépressifs et la consommation
d’une diéte €levé en gras. Ainsi, les habitudes alimentaires semblent avoir un impact
négatif sur I'apparition d’un profil particulier de sécrétion de la cortisone et sur le
processus de vieillissement, nous avons donc vérifer si une intervention appropriée ala
mi-terme de la vie pourrait favoriser, en réduisant la production de glucocorticoides, un
vieillissement reussi dans notre modéle animal. Nos résultats démontrent qu’ une
alimentation adéquate favorise, chez le rat, une diminution du taux de corticostérones et
assure une protection contre les effets négatifs des glucocorticoides sur le fonctionnement
cognitif. Ainsi, nous avons observé que les rats 4gés maintenus dans cet environnement
enrichit performaient aussi bien que les jeunes rats dans différents tests comportementals
utilisés pour mesurer la mémoire et I’anxiéte. En conclusion, les résuitats de ce projet de
recherche suggérent que dans de nombreux cas, les changements biologiques dégénératif’s
(ex. les effets négauf sur la production des glucocorticoides par les surrénales) associés
au vieillissement peuvent €tre aggravés ou éliminés par une intervention aigue et
chronique, en bas age ou plus tardivement au cours de la vie, sur le stress

environnemental et les comportements alimentaires.
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INTRODUCTION

GENERAL STATEMENT

Previous research in the field of stress and disease suggests that both basal and
stress-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis, the primary
regulator of the stress responses, is intricately influenced by a number of variables: these
include, but are not limited to, neonatal influences, the metabolic status of the organism, the
age of the organism, signals and stimulation from the environment, and the organism’s
history of trauma. Each of these variables can, in turn, be subject to regulation by the HPA
axis itself. Subtle variation in the early neonatal environment, for example, has long-lasting
and permanent effects on the development of the HPA axis, and these effects persist well
into old age. These effects on the HPA axis are associated with the emergence of age-
related pathology, such as cognitive impairments and carbohydrate metabolism, and the
extent of both cognitive and metabolic impairment are very much determined by the HPA
status of the organism. While the permanence of these effects cannot be underscored,
variables imposed as late as mid-life can have striking effects on the aging process. This is
critical in our understanding of aging, since it seems that neural aging is more a
consequence of lifestyle factors, such as the diet, than a predetermined sequelae of
progressive decline. These lifestyle variables, however, do not have uniform effects; their
effects are strongly dependent on when they are imposed and for the duration of time that
the organism is exposed to them. In the series of studies presented here we are attempting
to describe how short and longer-term dietary and environmental manipulations affect the
HPA axis throughout life, how the early environment affects later feeding preferences, both
of which are largely governed by HPA axis functioning and how both acute and chronic
stressors themselves affect food intake. Our studies show that a remarkable amount of
flexibility exists across systems where a parallel system can be accessed to compensate for

a change in the output of another system, depending on the time and extent that a variable is
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imposed. Our data suggest that not only is aging a non-uniform process, it is a process that
is subject to plasticity late in life. The early environment has similar effects, whereby subile
variations in rearing during the first three weeks of life can have a permanent impact on the
development of feeding patterns and body weight, which may themselves impact the
magnitude of glucocorticoid secretion over the lifespan and the development of pathology.
Our human studies suggest just that: perhaps one source of vanation in cortisol secretion
and the associated cognitive impairment in a healthy elderlies is eating patterns. Therefore
the interrelationship between diet, lifestyle factors and the HPA axis may be one window

into the individual way in which we age.

The Hypothalamic-Pituitary-Adrenal A xis

In mammals, the response to stress remains ill defined. It generally refers to
physical or psychological alterations capable of disrupting homeostasis. This “stress
response” involves a number of processes comprising what was termed by Selye the
“General Adaptation Syndrome” (Selye, 1956). A major neuroendocrine component of
this response is mediated by the HPA axis. Various stress inputs converge on the neurons
of the hypothalamic paraventricular nucleus (PVN). The PVN neurons that synthesize
corticotrophin-releasing-hormone (CRH) (Vale et al., 1981), arginine vasopressin (A VP)
and other secretagogues project to the external layer of the median eminence, where they
release their products into the portal circulation, resulting in the synthesis and release of
adrenocorticotropic hormone (ACTH) from the anterior pituitary corticotrophs. The ACTH,
in turn, activates the biosynthesis and release of adrenal glucocorticoids (GCs) from the
adrenal cortex, which act broadly throughout the body to mediate changes in processes (eg.
metabolic, immune, inflammatory) required for adaptation. Due to their potency and wide
range of action, GCs must be maintained at appropriate levels; either too much or too little is
deleterious to an organism. This regulation is accomplished through multiple feedback

loops operating at pituitary and brain levels.



Paraventricular Nucleus of the Hypothalamus
Neuroanatomy and Neurochemistry

The final common pathway controlling activity of the HPA axis originates in the
PVN. This wing-shaped nucleus positioned at the rostral end of the hypothalamus along
the dorsal border of the third ventricle can be divided into distinct subterritories on the basis
of cytoarchitectural, cytochemical and connectional features (Swanson and Sawchenko,
1983). The PVN can be separated into magnocellular and parvicellular divisions.
Magnocellular neurons are large neurosecretory cells that primarily synthesize AVP or
oxytocin {OT), in addition to a number of neuropeptides, project to the posterior pituitary,
and release their products into the peripheral circulation (Cullinan et al., 1995). The classic
role of A VP released from magnocellular neurons is in maintenance of water and salt
balance, while OT released from the posterior pituitary is critical for lactation and
parturition. Parvicellular components of the PVN can be divided into five distinct
subregions: the periventricular region, anterior parvicellular region, medial parvicellular
region (further divided into dorsal and ventral components), dorsal parvicellular region and
lateral parvicellular region (Swanson and Kuypers, 1980). Neurons located mainly within
the dorsal portion of the medial parvicellular region, which synthesize CRH, project to the
external lamina of the median eminence and release CRH into the hypophyseal portal
vasculature, comprise the origin of the final common pathway for ACTH release. The
periventricular and dorsal medial parvicellular regions contain neurons that synthesize
somatostatin, growth hormone releasing hormone (GHRH), thyrotropin-releasing hormone
(TRH) and dopamine; these neurons also project to the external lamina of the median
eminence and control the release of growth hormone (GH), thyrotropin, and prolactin (PRL)
from the anterior pituitary (Swanson et al., 1986). The anterior, ventral medial parvicellular
and lateral parvicellular regions of the PVN contain cells that project to the intermediolateral

column of the spinal cord and/or dorsal vagal complex and other parasympathetic cell



groups, while dorsal parvicellular neurons project to the intermediolateral column of the
spinal cord; the descending projections of these parvicellular neurons impart an integral
function in the regulation of the autonomic nervous system. Coupled with the endocrine
regulation afforded by the magnocellular and neuroendocrine parvicellular neurons, the
PVN is thus considered a critical locus for integration and regulation of pathways

concerned with the maintenance of homeostasis.

Release of ACTH

CRH is acknowledged as the primary ACTH secretagogue due to its potent intrinsic
ACTH releasing activity (Valeetal., 1983). Pharmacological blockade of CRH can
eliminate the ACTH response to various stress conditions (Plotsky et al., 1985a, b). A
number of additional secretagogues present within the dorsal medial parvicellular region of
the PVN have been found to be co-stored with CRH. A VP has been detected in 50% of
CRH neurons in male rats treated with colchicine (Whitnall, 1988). Terminals of CRH
neurons are segregated into vasopressin-rich and vasopressin-deficient subpopulations that
are differentially regulated by GCs and stress (Whitnall etal., 1987a;b;Whitnall, 1989;
deGoeij etal., 1991). In addition to AVP, cholecystokinin (CCK), galanin, vasoactive
intestinal peptide (VIP), GABA, angiotensin II, enkephalin, neurotensin (NT) and peptide
histidine-isoleucine (PHI) have all been found to be co-localized in CRH neurons. AVP
has been shown to have weak effects on ACTH release, but can greatly potentiate the ability
of CRH to stimulate ACTH secretion (Vale et al., 1983; Plotsky et al., 1985; Rivier and
Vale, 1983). Weak activity of CCK, VIP, PHI and angiotensin II have also been found on
ACTH release (Tilders et al., 1984; Antoni, 1986; Mezey et al., 1986; Watanabe and Orth,
1988).

Different categories of stressors may target distinct populations of
hypophysiotropic neurons through different projections. Plotsky et al. (1985a,b) reported

that hemorrhage causes an increase in portal levels of CRH and AVP, while insulin-induced



hypoglycemia causes an increase in portal levels of AVP only. Ether stress but not cold or
swim stress has been shown to cause an increase in enkephalin mRNA levels within the
mpPVN (Watts, 1991; Ceccatelli and Orazzo, 1993). These data suggest that there isa
precise regulation of the ACTH secretagogue signal reaching the anterior pituitary
corticotrophs. Magnocellular neurosecretory neurons represent another potential source of
ACTH-releasing activity. A largely magnocellular origin of AVP and OT in the hypohyseal
portal blood has been reported (Antoni et al., 1990) and OT, similar to AVP, has been
shown to have weak intrinsic ACTH-releasing activity and can potentiate the ability of CRH
to stimulate ACTH secretion (Linke etal., 1992). A role for magnoceilular neuropeptides in
the regulation of ACTH secretion has begun to emerge in recent studies: inhibition of
magnocellular neurons partially abolishes the ACTH response to specific stressors
(Dohanics et al., 1991). The role of magnocellular peptides contributing to stress-induced

ACTH secretion remains to be clearly defined.
Afferent Regulation of the PVN

PVN neurons are known to receive a diverse set of inputs from the brainstem, the
limbic telencephelon, the hypothalamus itself and the circumventricular regions (Cullinan et

al., 1995).
a) Brainstem Pathways

An enhancement of catecholaminergic activity following exposure to different forms
of stress has long been established. The brainstem noradrenergic and adrenergic inputs to
the PVN have been mapped in detail and ultrastructural evidence has confirmed
noradrenergic and adrenergic synapses on CRH neurons (Cunningham and Sawchenko,
1988; Cunningham et al., 1990). The noradrenergic innervation of the PVN emanates from
the A1 cell group of the ventrolateral medulla, the A2 cell group, corresponding to the
nucleus of the NTS, and the A6 cell group of the locus coeruleus. However, while the A 1

cell group appears to project primarily to the magnocellular portions of the PVN



(Cunningham et al., 1990), it is the A2 catecholaminergic cell group that provides the CRH
zone of the PVN along with its major noradrenergic innervation, along with a minor
contribution from the locus coeruleus (A6) (Cunningham and Sawchenko, 1988). These
PVN-projecting catecholaminergic inputs also display a number of peptides that are
colocalized in these cells. NPY is found in most adrenergic neurons that project to the PVN
as well as in a subpopulation of PVN-projecting neurons in the Al region (Sawchenko et
al., 1985) and galanin is colocalized in PVN-projecting neurons within Al and A6 (Levin et
al., 1987). Adrenaline can have stimulatory effects on the HPA axis (Plotsky, 1987),
however evidence suggesting an inhibitory role has also been reported (Mezey et al., 1984).
While catecholaminergic neurons appear to be important in the early activation of the HPA
axis, at least for several forms of stress, the question of where such influences are exerted
remains partly unanswered. For example, the locus coeruleus is one of the most stress-
responsive regions in the brain (Cullinan et al., 1995) and has been implicated in the
regulation of HPA responses to hemorrhage (Gann et al, 1977). However, the locus
coeruleus has quite limited direct input to the PVN region and thus might exert HPA effects
through its dense innervation of central limbic structures (Herman and Cullinan, 1997). The
question of whether these catecholaminergic influences are exerted at the level of the PVN
or the median eminence or both and how receptors may stimulate the activity (although
alpha-adrenoreceptor involvement in the PVN has been shown (Plotsky et al., 1989)

remains.

The role of serotonin (5-HT) in HPA regulation has been debated; some studies
indicate excitatory actions on 5-HT on ACTH and B release (Feldman et al., 1987), whercas
others indicate concentration-dependent facilitatory and inhibitory effects on HPA tone
(Korte et al., 1991; Welch etal., 1993). Direct 5-HT innervation of the PVN is somewhat
limited, suggesting the potenual for indireci actions by way of other stress pathways
(Sawchenko et al., 1983). There is a modest projection to the CRH zone of the FVN,

originating {from the brainstem serotonergic cell groups B7-B9 (Sawchenko et al., 1983)



and Liposits group (1987) has found evidence for synaptic contact between serotonergic
terminals and CRH neurons. It has been suggested that the serotonergic pathways involved
in HPA activation may be stressor-specific: while depletion of hypothalamic serotonin
appears to reduce the adrenocortical response to photic stimuli, the lesions have no effect on
the adrenocortical response to ether, restraint, hypertonic saline administration or insulin-

induced hypoglycemia (Cullinan et al., 1995).

Finally, Sawchenco and colleagues (reviewed in Sawchenko, 1991) have identified a
number of mesencephalic and pontine cell groups that may act to relay sensory information
to the PVN. These include the posterior intralaminar and pertpeduncular nuclei that relay
auditory information (LeDoux et al., 1985), periaqueductal gray and pontine central gray
that relay sensory and nocieceptive information and the pedunculopontine nucleus and
laterodorsal tegmental nucleus that may relay visual and auditory information (Cullinan et
al., 1995). These cell groups are largely cholinergic and the proposed pathway is consistent
with previous evidence suggesting stimulatory effects of acetylcholine on CRH secretion
and ACTH release (Ohmori et al., 1995). However, anatomical studies again suggest very
sparse cholinergic innervation of the PVN proper, suggesting that cholinergic actions might

be relayed by hypothalamic local circuit neurons (Ruggiero et al., 1990).
b) Limbic Inputs

Numerous studies have indicated that HPA activity can be influenced by porticns of
the limbic telencephalon, including the hippocampus, medial prefrontal cortex, septum and
amygdala (Cullinan et al., 1995). The amygdala is known to prompt behavioral and
cardiovascular responses to stress (Davis, 1992). Damage to the amygdala has been shown
to decrease ACTH and B secretion following adrenalectomy (Allen and Allen, 1975). More
detailed analyses suggest that excitatory effects of the amygdala on HPA function are
mediated by the central, medial and cortical amygdaloid nuclei. Stimulation of the medial or

cortical amygdaloid nuclei elicits B secretion (Dunn and Whitener, 1986). Ablation of the



medial or central amygdaloid nuclei block HPA responses to acoustic and photic
stimulation (Feldman et al., 1994); other studies indicate that lesions of the central nucleus
of the amygdala decrease ACTH and B responses to restraint and fear conditioning (Van de
Karetal., 1991). However, medial and central amygdaloid lesions do not block HPA
responsiveness to ether (Feldman et al., 1994), providing evidence for stressor-specificity in

amygdaloid stress paths.

The bed nucleus of the stria terminalis (BST) may also convey excitation of the
HPA axis. This limbic forebrain structure links regions such as the amygdala and
hippocampus with hypothalamic and brainstem regions controlling vital homeostatic
functions (Cullinan et al., 1993). Specific ablation of lateral divisions of this region
decreases expression of CRH mRNA in the PVN (Herman et al., 1994) and attenuates B
secretion induced by conditioned fear (Gray et al., 1993), whereas stimulation of the lateral
BST increases B secretion (Dunn, 1987). These cell groups are considered by many to be
extensions of the central amygdaloid nucleus. This notion is supported by similar effects of
lesions of the central amygdaloid nucleus and lateral BST on the stress axis. Finally, recent
experiments have suggested the existence of a hippocampal-BST-PVN circuit (Cullinan et
al., 1995) and that a significant proportion of the BST projection to the PVN may be
GABAergic. Such a pathway might explain the fact that hippocampal stimulation results in
a reduction in circulating B and that ablation of its major efferent pathways leads to B

hypersecretion and induction of CRH mRNA in the mpPVN (Herman et al., 1989).
c) Hypothalamic Inputs

It has been suggested that the PVN receives input from a number of hypothalamic
sources; at least some PVN-projecting neurons can be localized within virtually all
hypothalamic regions (Swanson, 1987). The PVN has been shown to receive a prominent
GABAergic innervation, and GABA -containing terminals have been confirmed to contact

CRH neurons (Decavel et al., 1990). Hypothalamic GABAergic inputs into the PVN may



serve to relay limbic inputs to CRH neurons (Cullinan et al., 1995). Support for GABA-
mediated inhibition of HPA activity has come from in vitro studies, as well asin vivo
experiments demonstrating GABAergic inhibition of CRH release and ACTH secretion
(Plotsky et al., 1987, Caldji et al., unpublished observations). It has also been shown that
glutamate- and possibly Ah-containing neurons play a role in the excitation of the PVN.
Injection of glutamate into the PVN activates neurosecretory neurons (Tasker and Dudek,
1993). Furthermore, parvocellular PVN neurons express NMDA, kainate and AMPA
receptors (Van den Pol et al., 1994), and appear to receive synaptic input from glutamate-
containing neurons (Decavel and Van den Pol, 1992). Acetyicholine is known to enhance
CRH release in explant cultures and to increase ACTH release and expression of CRH
mRNA following microinjection into the PVN (Chmori et al., 1995). Anatomical studies,
however, suggest very sparse cholinergic innervation of the PVN proper, suggesting that
cholinergic actions might be relayed by hypothalamic local circuit neurons (Ruggiero etal.,

1990).
d) Circumventricular Inputs

This class of efferents include: the subfornical organ (SFO), the median preoptic
nucleus and the organum vasculosum of the lamina terminalis. These structures are known
to be involved with water balance, and while their projections appear to principally affect
magnocellular components of the PVN, recent anatomical and physiological data suggest
that parvicellular elements are also influenced (Kovacs and Sawchenko, 1993). These paths
are thought to mediate the effects of blood-borne angiotensin II on the HPA axis: the SFO
has been shown to be important in sensing circulating All (Simpson, 1981). All has been
localized in the projections from SFO and the median preoptic nucleus to the PVN and the
SFO sends an additional All-containing projection to the median preoptic nucleus (Lind et

al., 1984).
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Adrenal Gland

The HPA axis is primarily responsible for the release of glucocorticoids (GCs) into
the systemic circulation. GCs are known to be key players in the organismic response to
stress. Upon release, these hormones bind to high-affinity cytosolic receptor molecules and
are translocated to the cell nucleus, where the receptor-ligand complexes dimerize and bind
to DNA (Drouin etal., 1992). Atthe DNA level the ligand-receptor complexes act to
modulate the transcription of a staggering variety of genes (Herman, 1993). By way of this
genomic effect, GCs have the capacity to interact with multiple systems at all levels of the
body. GCs initiate a number of adaptive responses from multiple organ systems. The
functions of released GCs include the mobilization of glucose from the liver, an increase in
cardiovascular tone, altered immune functions and inhibition of nonessential endocrine
systems (Munck et al., 1984). Actions of the GCs are largely catabolic, serving to consume
resources. Thus, while being adaptive during periods of active coping is required,

pronounced GC secretion is clearly maladaptive when prolonged or exaggerated.

General Physiological Functions of the GCs.

The adrenal cortex produces three principal categories of steroid hormones. The
mineralocorticoids, of which aldosterone is most important, regulate renal sodium retention
and thus are key components in regulating sodium, potassium, blood pressure, and
intravascular volume. Mineralocorticoid excess can cause hypertension and hypokalemia;
mineralocorticoid deficiency can cause hyponatremia, hyperkalemia, hypotension and
shock. The glucocorticoids include cortisol (F) , the primary one in humans and
corticosterone (B), primary in rats. They are named for the role in maintaining serum
glucose and regulating carbohydrate metabolism, and also play key regulatory rolesina
wide variety of physiologic processes, including feeding, development, growth, immune

responses, cardiovascular function, and responses to stress. The adrenal cortex secretes
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over 50 steroids; while many of them are precursors or metabolites of the principal

hormones, most have some biological activity.

Anatomy of the adrenal glands

®

The adrenal glands are extraperitoneal at the upper poles of the kidneys. They
enlarge in response to ACTH and becomes smaller when ACTH production decreases
(Felig etal., 1995). Blood is supplied into the adrenal by several short arteries that are
terminal branches of the inferior phrenic artery. Arterial blood enters a sinusoidal
circulation in the cortex and drains towards the medulla so that medullary chromaffin cells
are bathed in a high concentration of steroid hormones. The innervation of the adrenal
gland is autonomic (Netter, 1965). Sympathetic preganglionic fibres are axons of cellsin
the lower thoracic and upper lumbar segments, whereas the parasympathetic fibres come
from the celiac branch of the posterior vagal trunk. Most of the nerves are contained in an
adrenal plexus along the medial border of the adrenal gland, enter it as bundles near the
hilus and run through the cortex to the medulla. This innervation may participate in the
control of adrenocortical growth and steroid secretion, and an afferent neural pathway from
the adrenal to the hypothalamus mediates stress-induced feedback inhibition of ACTH
secretion (Dallman, 1985).

In adults the cortex makes up about 90 percent of the adrenal and surrounds the
centrally located medulla. The cortex consists of three distinct zones: the zonae
glomerulosa, fasciculata, and reticularis. The zona glomerulosa produces aldosterone but
not cortisol; the zona fasciculata produces cortisol but not aldosterone and the zona
reticulans also produces cortisol (albeit at a much slower rate) and the major adrenal
androgens dehydroepiandrosterone (DHEA ) and DHEA -sulfate (DHEA -S) (Felig et al.,
1995). ACTH has a dramatic effect on the adrenal: within 2-3 minutes of ACTH
administration, adrenal blood flow increases and cortisol is released. Within hours, adrenal

weightincreases. Prolonged ACTH stimulation causes both adrenal hypertrophy and
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hyperplasia, while ACTH deficiency can lead to atrophy of the zona fasciculata and

reticulans.
Synthesis and Release of GCs

All steroid hormones are derived from pregnenolone. Pregnenolone and all its
naturally occurring mineralocorticoid and glucocorticoid products contain 21 carbon atoms
and hence are termed C-21 steroids. With the exception of estrogens, all steroid hormones
have a single unsaturated carbon-carbon double bond. The pathway of synthesis from
pregnenolone to aldosterone is the mineralocorticoid pathways;, this is found almost
exclusively in the zona glomerulosa. All these compounds have 21 carbon aioms. The
pathway from 17-hydroxypregnolone to cortisol is the glucocorticoid pathway, found in the
zona fasciculata and, to a lesser extent, the zona reticularis. These are all 17-hyvdroxy C-21

steroids.

Cholesterol is the precursor of steroid hormones. The adrenal readily synthesizes
cholesterol from acetyl-CoA in response o trophic stimulation by ACTH (Brown etal.,
1979). The activity of 3-hydroxy-3-methylglutarylcoenzyme A reductase (HMGCoA
reductase), the rate-limiting enzyme in cholesterol synthesis, generally parallels
steroidogenic activity. HMGCoA reductase is inactivated by phosphorylation and is
activated by dephosphorylation in response to intracellular cAMP elicited by the binding of
ACTH toits receptor. About 80 percent of the cholesterol used for steroid hormone
synthesis derives from dietary cholesterol transported in the plasma as low-density
lipoprotein (LDL) particles synthesized in the liver (Brown et al., 1979). Adrenal uptake of
LDL is regulated coordinately with steroid synthesis. LDL uptake principally entails
receptor-mediated endocyvtosis; less than 10 percent of LDL enters the cell by a receptor-

independent mechanism (Brown et al., 1979).

Conversion of cholesterol to pregnelonone is a complex process, requiring many

steps. First, cholesterol fluxes into the adrenal mitochondria. Cholesterol is then stored as
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cholesterol esters in lipid droplets that bud off from the endoplasmic reticulum (ER). The
cleavage of the side-chain of cholesterol requires the actions of three proteins, including
cytochrome P450. This takes place in the mitochondria and is considered the rate limiting
step in steroidogenesis (Gower, 1975). Pregnenolone transfers out of the mitochondria to
the ER where it is converted to progesterone and then deoxycorticosterone.
Deoxycorticosterone returns to the mitochondria and is converted by 11-B hydroxylase to
corticosterone (B). B then travels out of the mitochondria to the cytosol and is secreted into

the general circulation (Felig et al., 1995).

ACTH or other tissue-specific tropic hormones stimulate esterases and inhibit
synthetases, thus increasing the availability of free cholesterol for steroid hormone synthesis
(Jefcoate etal., 1986). ACTH rapidly facilitates the transport of cholesterol across the
mitochondrial membrane, the binding of cholesterol 1o P450scc (scc refers to the side chain
cleavage of cholesterol), and the release of newly synthesized pregnenolone from
mitochondria. ACTH acutely increases cortisol synthesis and release within 2-3 minutes.
When ACTH concentrations fall, steroidogenesis decreases rapidly. ACTH receptors are
found on the surface of adrenal cortical cells, where they bind ACTH with a K, of about10”
M (Catalanoetal., 1986). Binding of ACTH toits receptor activates adenylate cyclase
which increases extracellular levels of cAMP, which in turn activates a number of protein
kinases. Prolonged stimulation with ACTH increases adrenal protein and DNA synthesis
and net growth (Dallman, 1985). ACTH chronically increases steroidogenesis by
promoting the transcription of genes for steroidogenic enzymes. Physiologic
concentrations of ACTH also directly stimulate the synthesis and accumulation of insulin-
like growth factor I (IGF-II) mRNA and IGF-II peptide. ACTH also chronically
stimulates LDL uptake and metabolism and the synthesis and accumulation of LDL
receptor and HMGCoA reductase and their mRNAs. Furthermore, ACTH also stimulates
cholesterol esterase (Suckling et al., 1983), sterol carrier protein (SCP) (Conneeleyetal.,

1984) and endozepine (Yanagibashi et al., 1988) so that it has general tropic effects on all
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known early steps in steroidogenesis. A role for newly synthesized phospholipids in
mediating the chronic actions of ACTH has been proposed. One mechanism of action
might be related to promoting the flux of free cholesterol across the mitochondrial

membranes to P450scc (Farese and Sabir, 1980).

Factors other than ACTH probably regulate B synthesis and/or release in normal
animals, either directly or by modulating the effects of ACTH. A direct effect of GCs on the
adrenal cortex has also been proposed. GCs can inhibit steroidogenesis in primary cultures
of human adrenal cells in vitro; however, such direct feedback probably plays a minor role
in human physiology, as the hypercortisolism found in syndromes of ACTH excess does
not effectively reduce steroidogenesis, and the administration of dexamethasone (DEX)
does not inhibit ACTH-induced cortisol secretion (Keller-Wood and Dallman, 1984).

CRH of adrenal medullary origin can modulate adrenocortical release of B. Van Oers and
colleagues (1992) found that in rats administered CRH antibodies, exogenous doses of
ACTH produced lower release of B than in animals not treated with CRH antibodies (Van
Oers etal., 1992). In addition, they found that addition of CRH and ACTH seem to have
synergistic effects on the release of B and the effects of CRH on the release of B seem to be
a result of alterations in blood flow through the adrenal (Van Oers et al., 1992). Studies on
perfused pig adrenals have demonstrated a release of vasoactive intestinal peptide (VIP) in
response to splancnic nerve stimulation, and have further shown that administration of VIP
causes an increase in both aldosterone and cortisol secretion, in the absence of ACTH
(Ehrhart-Bornstien et al., 1991). Further studies have shown that long-term (7 days)
administration of VIP to intact rats stimulates the growth and steroidogenic capacity of the
zona glomerulosa, with no apparent effect on corticosterone secretion and the zona
fasciculata (Mazzochi et al., 1987). It has been suggested that the discrepancies between the
different responses to VIP may be explained if VIP is exerting an indirect effect on
adrenocortical cells, possibly by acting on chrommaffin cells in the outer part of the gland

(Vinsonetal., 1994). Calcitonin-gene-related-peptide (CGRP) administration to the
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perfused rat adrenal results in an increase in perfusion medium flow rate through the gland,
accompanied by an increase in B (Hinson and Vinson, 1990). Finally, there are interactions
between GCs and catecholamines from the adrenal medulla. In vitro epinephrine (EPI) can
increase the synthesis of enzymes involved in steroid biosynthesis (Ehrhart-Bornstein et al.,
1991) and perfusion of adrenals with catecholamines results in the release of GCs
(Bornstein et al., 1990). There are also chromaffin cells in the adrenal cortex, and these
cells have been shown to release their exocytotic products onto cortical cells (Bornstein and
Ehrhart-Bornstein, 1992), suggesting that adrenal medulla catecholamines can release GCs

from the adrenal cortex.
Physical state of steroids in plasma-CBG and albumnin

Cortisol and corticosterone released by the adrenal gland is free. However,
approximately 90-97% of the circulating cortisol is bound by plasma proteins (Westphal,
1971). About 90% of this binding is with corticosteroid-binding-globulin (CBG, also
termed transcortin) which binds cortisol specifically and with high affinity; a lesser quantity
is bound by albumin and a negligible amount by other plasma proteins (Felig et al., 1995).
CBG is produced primarily in the liver but has also been found in brain, kidney, lung and
muscle (Ballard, 1979; Hammond, 1990). Human CBG is a 383-amino acid glycoprotein
with a molecular weight of about 58,000 (Hammond, 1990). Rat CBG is also produced in
the liver, contains 374 amino acids and has a molecular weight of 42,196 (Smith and

Hammond, 1989).

CBG levels in plasma are subject to a number of influences. Circulating GCs at
supraphysiologic concentrations decrease CBG concentrations (Rosner, 1991). Following
adrenalectomy, rats exhibit increased circulating CBG levels (Daliman et al., 1987).
Dallman and colleagues (1987) have also shown that there is a negative correlation between
circulating levels of B and of CBG in adrenalectomized (ADX-ed) rats replaced with B
pellets that produce circulating levels between O-15 ug/dl, providing further evidence that B
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is able to control levels of its binding globulin. Estrogens increase CBG levels, and elevated
concentrations are seen in pregnancy (Hammond, 1990). Thyroid hormones increase CBG
synthesis; CBG levels are reduced in hypothyroidism and increased in hyperthyroidism
(Westphal, 1971). Inflammation results in decreased levels of CBG at the inflammatory site
(Hammond, 1990). Neutrophils at the site of inflammation release a group of proteases
including elastase. Elastase can cleave CBG, thereby releasing B. As aresult, CBG levels
decrease and B levels increase at the site of inflammation thereby enhancing the anti-
inflammatory actions of B (Hammond, 1990). Consumption of a high carbohvdrate diet
can decrease CBG by about 20%. Both acute and chronic stressors have direct modulatory

roles on plasma CBG levels (Tannenbaum et al., 1997).

A number of theories have been put forward describing the role of CBG in plasma
regulation of B. One theory is that these proteins serve as a reservoir to sequester steroids
in an inactive form, thus influencing the availability of steroids to tissues, their receptors, and
steroid-metabolizing enzymes. However these plasma-binding proteins have not been
proved to be essential for transporting steroids in the circulation, as these steroids are
sufficiently water soluble at biologically active concentrations (Ballard, 1979). The steroids
are inactive when bound by plasma protein (Ballard, 1979) and B is not bound to CBG
when it enters the cell. Thus as free and protein-bound steroid circulate through the various
tissues, the free steroid binds specifically to receptors, steroid-metabolizing enzymes and
other proteins and binds nonspecifically to a number of cellular components. The
dissociated steroid is then free for further tissue uptake. Since the capillary transit time
though tissues such as the liver is slower (around 5 seconds) than it is in tissues such as
brain (around 1 second), the former tissues can extract a larger proportion of the cortisol
(Partndge, 1981). Infact, brain uptake of B in the rat approximates the non-CBG-bound
steroid, whereas in the liver it exceeds this fraction by three times and includes CBG-bound

steroid (Partridge et al., 1983).
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Metabolism and excretion of GCs

The hydrophobic steroids are filtered by the kidney but are actively reabsorbed and
are therefore not excreted into the urine (Peterson, 1971). Thus steroids undergo enzymatic
modifications that transform them into inactive substances with increased water solubility.
The liver is the major site of metabolic conversion (Peterson, 1971). Cortisol is cleared with
a half time of 80 to 120 minutes. Some of the metabolic conversions of cortisol include
conjugation with glucuronide or sulphate groups; corticosterone has a shorter half time of
disappearance and more of the metabolites are excreted into the gut (Monder and Bradlow,

1980).
Corticosteroid Recepiors

Uptake and retention of *H steroid hormones by a cell is the result of binding of the
hormone by intracellular receptors, that end up in the cell nuclear compartment, where these
receptors bind to specific nucleotide sequences on DNA known as “hormone responsive
elements” or “HRE’s” (Miner and Yamamoto, 1991). Adrenal steroid receptors are found
throughout the nervous system in virtually every cell type of the brain and that they mediate
many neurochemical and behavioral actions (McEwen et al., 1986; De Kloet et al., 1998).
Further, the uptake and retention of adrenal steroids by the hippocampus, first found in the
rat, has been demonstrated in species as divergent as the duck and the rhesus monkey and
this seems to be a widespread and evolutionarily stable trait of the hippocampal region

(McEwen et al., 1986).

Corticosteroid receptors were originally identified in classical steroid target tissues
in the periphery. In vitro binding studies revealed that aldosterone exhibited binding to a
low-affinity and high-affinity site in the kidney (Rousseau et al., 1972). The high affinity
site exhibited a higher preference for aldosterone than B or DEX and was thought to
mediate classical mineralocorticoid actions (control of sodium balance) of aldosterone, and

thus termed mineralocorticoid receptor (MR). The low-affinity site exhibited preference



for DEX and was similar to the site described in the liver, the traditional site for the

glucocorticoid actions of B and, thus termed the glucocorticoid receptor (GR).

GRs and MRs mediate B actions on the brain. GRs occur everywhere in the brain
but are most abundant in hypothalamic CRH neurons and pituitary corticotrophs (De Kloet
etal., 1998). Aldosterone-selective MRs resembling those in the kidney are expressed at
hypothalamic sites involved in the regulation of salt appetite and autonomic outflow
(McEwen et al., 1986). The highest MR expression is in the hippocampus but the
aldosterone selectivity is lost here. Since these apparently “nonselective” MRs bind B with
high affinity (10-fold higher than co-localized GRs), hippocampal MRs will respond
strongly to B (McEwen et al., 1968; Veldhuis et al., 1982). B in the hippocampus, then,

serves to activate two signaling pathways via MR and GR (Reul and De Kloet, 1985).

De Kloet and Reul (1987) postulated that “tonic influences of B are exerted via
hippocampal MRs, while the additional occupancy of GRs with higher levels of B mediates
feedback actions aimed to restore disturbances in homeostasis.” Thus, MRs are involved in
the maintenance of the stress system activity while GR (in coordination with MR) mediate
steroid control of recovery from stress. There is an immense amount of corticosteroid

receptor diversity in the brain and pituitary, which will be reviewed in detail.

The early studies with tracer amounts of B had identified MRs rather than GRs in
the hippocampus, since the tracer dose of B was too low to detect GR (Reul and De Kloet,
198S; Coirini et al., 1985). This became apparent when binding properties of MRs and
GRs were studied in the cytosol, using selective GR ligands (RU 28362) that allowed
discrimination between the two receptor types (Moguilewsky and Raynaud, 1980). [t was
found that MRs bind B with an affinity 10-fold higher (dissociation constant or K, 0.5
nM), while the K, for GR was between 2.5 and 5nM. MR and GR are both present in
dentate gyrus neurons and CA 1 cells; CA3 cells mainly express MR. Subsequently it was

shown that low basal B levels predominantly occupy MR. GR can be activated additionally
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to MR only when B levels are high, i.e. at the circadian peak and during stress (Reul and De
Kloet, 1985; Reul et al., 1990). MRs prevail in limbic brain areas (CA 1 and CA3 subfields
of the hippocampus, dentate gvrus and lateral septum), while GRs are widely distributed in
neurons and glial cells, with highest concentrations in the dentate gyrus, lateral septum,

nucleus tractus solitarus, amygdala, and locus coeruleus.

The distribution of GRs in the brain as measured by binding assays and
autoradiography is paralleled by the distribution of GR immunoreactivity and GR mRNA.
Fuxe and colleagues (1985) found high densities of immunoreactive GRs in the
parvocellular PVN and CA 1 and CA3 subfields of the hippocampus, amygdala and
thalamus. Moderate densities were observed in the thalamus and various layers of the
cerebral cortex. Brainstem nuclei such as the NTS, the raphe nuclei and the
catecholaminergic and dopaminergic cell groups exhibited strong GR immunoreactivity.
The distribution of GR mRNA is similar to that found for GR based on receptor binding
studies. Sousa et al. (1989) found that GR mRNA was highly expressed in the CA 1 and
CAZ2 subfields of the hippocampus and PVN, moderately expressed in the thalamus,
olfactory bulb and cerebral cortex. Lower levels of GR mRNA were detected in cerebellum

and in the brainstem.

In terms of MR, Armiza et al. (1988) found that the heaviest labeling, using in situ
hybridization was found in all subfields of the hippocampus and throughout most of the
septum. Lower amounts of labeling were detected in the amygdala and hypothalamus.
Heavy labeling was found in the NTS in the brainstem, while more modest amounts were
found in the raphe nuclei and locus coeruleus. These data suggest that the protein
distribution of GR and MR are similar to the mRNA distribution and that their patterns of
distribution are distinct, suggesting differential roles for the two receptors in the regulation

of HPA function.
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Negative Feedback

The HPA axis is tightly controlled to produce rapid optimal GC responses that can
be promptly terminated upon the cessation of stress. This regulation is thought to be
achieved through GCs acting via multiple inhibitory feedback loops involving pituitary,
hypothalamic, and suprahypothalamic sites (Keller-Wood and Dallman, 1984). The effects
of the GCs are mediated by MR and GR, with the low-affinity GR being affected by stress-
induced GC secretion and the higher affinity MR being involved with basal HPA tone and
diurnal GC rhythms (De Kloet and Reul, 1987).

Negative feedback control of the HPA axis can be considered a servocontrol
mechanism operating within a closed-loop system (Keller-Wood and Dallman, 1984). A
comparator, located somewhere in the brain, generates an error signal based on detection of
the relative concentrations of circulating GCs and strength or pattern of afferent input
(whether under basal or stress conditions). The comparator can directly determine both
these factors or integrate information on these two factors from a number of sources. The
error signal that is generated determines the output of the system, in this case ACTH and,

therefore, GC release.

Three experimental approaches have been used to explore the brain feedback sites of
GCs: 1) replacement of ADX rats with receptor agonists; 2) pharmacological inhibition of
individual receptor types in adrenal intact rats using one more or less selective antagonist
and 3) correlative evidence between receptor properties and HPA dynamics (De Kloet et al.,
1998). ADX leads to an increase in CRH and particularly AVP mRNA and peptide levels
in the PVN and in the external layer of the median eminence (DeGoeij etal., 1992). Basal
ACTH levels are dramatically elevated. Levels of 150-300 nM B, occupying both types of
receptors and achieved with subcutaneous B implants, efficiently suppresses AVP and CRH
expression and release into portal blood (Sapolsky et al., 1990). Implants of naturally

occurring and synthetic GCs near the PVN act similarly (Kovacs and Sawchenko, 1996).
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The rise in basal trough ACTH is prevented by chronic replacement with very low
amounts of exogenous B; under these conditions, B also suppresses the ADX-induced
synthesis of AVP, while CRH is not affected by either treatment. The IC,,of B
suppression is about 0.5 nM in terms of circulating free B, in the range of the MR K value.
Accordingly MR mediates the proactive feedback mode of B involved in maintenance of
basal HPA activity (DeKloet et al. 1998). At the circadian peak, much higher levels of
exogenous B are required, and half-maximal suppression is achieved by a free concentration
of about 5 nM close to the K, , GRs (Reul and DeKloet, 1985). However, exclusive
activation of GR is insufficient to suppress the circadian peak, and MR activation appears to
be indispensable (Bradbury et al., 1994). The corticosteroid concentration does not need to
be continuously high, in that an episodic rise in GC levels by injection or ingestion via
normal evening drink is sufficient to occupy both receptor types and to maintain ACTH

levels with small amplitude changes over the 24-h period (Bradbury etal., 1991).

These GR-mediated effects observed after exogenous GCs thus are also involvedin
the maintenance of HPA activity. An interesting paradox is that exogenous B suppresses
subsequent stress-induced ACTH levels whereas similar levels of the steroid attained after a
first stress do not (Dallman et al., 1992). Stress evokes a local transient condition of steroid
resistance in the PVN; the elevated B facilitates the termination of the HPA response to
stress, and vanious temporal (fast, intermediate and slow feedback) domains have been
distinguished (Keller-Wood and Dallman, 1984). These GR-mediated effects triggered in

response to stress represent the reactive mode of feedback operation (DeKloet et al., 1998).
Time Domains of Glucocorticoid Negative Feedback

Corticosteroid feedback inhibition of ACTH secretion appears to operate in at least
three time domains: fast (within seconds o minutes), delayed (over 2-10 hours) and siow
(over hours to days) (Keller-Wood and Dallman, 1984). Fast, rate-sensitive feedback, as
postulated by Dallman and Y ates (1969), occurred when injection of B into rats inhibited the
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B response to histamine administration if the injection preceded the histamine
administration by 15 seconds or 5 minutes, but not if the B was injected 15 minutes before
or 2 minutes after the histamine administration. They proposed that there is a rapid
inhibitory effect of B that occurs while plasma concentrations of the hormone are
increasing. It was subsequently determined that the rate of increase of B necessary to
produce this inhibition was at least 1.3 ug/dl/min (Jones et al., 1972; Abe and Critchlow,
1977). GC feedback inhibition has rapid effects on stimulated CRF and ACTH secretion
(Vale and Rivier, 1977). The rapidity of the effect suggests that protein synthesis is not
involved and that the effect is on hormone release and not synthesis. This rapid inhibition is
not affected by pretreatment of perifused pituitaries with cyclohexamide, theretore the fast

feedback action of B does not require protein synthesis (Widmaier and Dallman, 1983).

The second time domain of negative feedback is delaved, intermediate feedback.
Dallman and Yates showed that pulses (1969) or infusions of B beginning 120 minutes
before histamine injection inhibited the endogenous B response to histamine. However,
infusions beginning 45, 19 or 10 minutes before the injection did not inhibit the response.
They therefore hypothesized that there is a delayed feedback effect of corticosteroids which
is independent of circulating corticosteroid levels at the time of stress, and which requires at
least 45 minutes but less than 120 minutes to develop (Keller-Wood and Dallman, 1984).
This kind of feedback is determined by the level of steroid achieved or the total dose of
steroid administered (Jones et al., 1974). A single dose of DEX can produce inhibition of
ACTH and B release from 2 to 4 hours later, and the inhibition produced by infusions of
steroids are dependent on the length of the infusion period. It appears that intermediate
corticosteroid feedback inhibits ACTH release but not synthesis (Keller-Wood and

Dallman, 1984).

Corticosteroid feedback inhibition that results from constant corticosteroid exposure

for 12 or more hours has been termed “delayed, slow feedback™ (Keller-Wood and
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Dallman, 1984). Slow feedback appears after prolonged periods of high plasma or medium
concentrations of B or in pathological conditons. Antenor pituitary POMCand ACTH
release and synthesis are inhibited by slow feedback (Engeland et al., 1975). In sum, fast
feedback of stimulated ACTH responses occurs if a stimulus is applied in the minutes
following an injection of the steroid. The magnitude of inhibition depends on the rate of
rise of plasma GC and the effect lasts only as long as plasma GC concentrations are rising
at a sufficient rate (Keller-Wood and Dallman, 1984). After a single injection or a constant
infusion of GCs there is a period during which no inhibition of the ACTH response is
observed if a simulus is applied after steroid concentrations are no longer rising and before
the delayed feedback effect has had sufficient time to develop. Delayed (intermediate and
slow) feedback occurs if a stimulus is applied at least 60 minutes or more after a single
injection of B or after B infusion. Maximal inhibition occurs when a sumulus is applied 2-
4 hours after the steroid was administered, but the period during which some inhibition
occurs is prolonged when high doses of steroid are administered, as delayed feedback is

sensitive to dose.
Sites of Negative Feedback

The importance of maintaining GC secretion within tolerable limits requires
efficient mechanisms for inhibiting stress-integrative PVN neurons (Herman and Cullinan,
1997). Injection of cortisol or DEX directly into the pituitary decreases B responses o
stress (Rose and Nelson, 1956). Corticosteroids inhibit simulated ACTH release from
incubated pituitaries (Koch et al., 1974) and cultures of pituitary cells (Portanova and
Sayers, 1974). Stumulation of ACTH secretion from a pituitary tumour cell line by AVPis
inhibited by DEX or B 30 seconds prior to stimulation (Johnson et al., 1982). This
suggests that the pituitary is sensitive to the fast feedback effects of B. Systemic
administration of cortisol or DEX has been shown to decrease pituitary sensitivity to CRF

preparations in animals with intact hypothalami (Arimura et al., 1969). Incubation of



disperses pituitary cells with DEX for 4 hours inhibits CRH-induced ACTH release,
suggesting that the pituitary also shows delayed feedback responses to B (Portanova and
Sayers, 1974).

GC injections into the PVN region downregulate CRH mRNA, decrease ACTH
secretion and inhibit medial parvocellular PVN neurons, suggesting that GC negative
feedback acts at the PVN neuron itself (Whitnall, 1993). The capacity for direct GC
feedback is supported by evidence of expression of type I receptors (GR) in
hypophysiotropic PVN neurons (Uht et al., 1988). However, feedback at the PVN cannot
account for all aspects of HPA inhibition; inhibition of ACTH release occurs in the absence
of a negative feedback signal (Jacobson et al., 1988) and total or anterior deafferentations of
the PVN increase the expression of CRH and AVP mRNA, indicating that neuronal

inhibitory pathways are required for maintenance of basal HPA tone (Herman et al., 1990).

Neuronal mediated inhibition of the HPA axis might emanate from several sources.
The hippocampus displays the highest levels of GR binding, and GR and MR mRNA of
any brain structure, suggesting a high degree of GC receptivity (Jacobson and Sapolsky,
1991). An inhibitory role of the hippocampus in HPA regulation is supported by lesion
studies, which indicate that hippocampal damage potentiates stress-induced GC secretion in
the rat and primate and increases the expression of CRH and AVP mRNA in parvocellular
PVN neurons (Jacobson and Sapolsky, 1991; Sapolsky et al., 1991; Herman et al., 1995).
Hippocampal stimulation results in a decrease of HPA activity in both rats and humans
(Jacobson and Sapolsky, 1991). At present, however, the effects of the hippocampus on
GC negative feedback remain controversial. In a study by Bradbury etal. (1993), there was
no evidence to suggest that the removal of efferents from the hippocampus (fimbria-fornix
lesions) decreased sensitivity of ACTH to B-mediated negative feedback inhibition. This
was in contrast to studies that found that deafferentation produced by fornix lesions caused

increased HPA activity (Wilson et al., 1980).



Other limbic system structures appear to convey some inhibition to the PVN.
Prefrontal cortex (PFC) lesions (Diorio et al., 1993) result in enhanced HPA responses to
acute stress. Implants of GCs into the prefrontal cortex block restraint-induced ACTH
secretion as well (Diorio et al., 1993) and the PFC exhibits immediate early gene induction
following acute stress (Cullinan et al., 1995). These stressor-inhibiting circuits are specific
to the stressor being imposed. PFC lesions do affect responses to restraint but not to ether
stress (Diorio et al., 1993). Hippocampal damage increases B responses to restraint but

neither B nor ACTH responses to hypoxia (Bradbury et al., 1993).

Because the PVN receives input from hypothalamic circuits, lesion studies have
indicated that local cell groups (BST, POA and hypothalamus) have the capacity to be
involved in feedback inhibition. Ablations of the arcuate nucleus (ARC), medial preoptic
area (MPOA), ventromedial nucleus (VMH) or suprachiasmatic nucleus (SCN) increase
basal ACTH or B secretion and the magnitude and duration of the stress response ( Viau
and Meaney, 1991; Buijsetal., 1993; Larsen et al., 1994; Suemaru et al., 1995). All of
these regions also contain populations of GABA -containing neurons and GABA is known
to inhibit the release of ACTH and B in vivo (Makara and Stark, 1974). GABA also
reduces CRH release from hypothalamic explants (Calogero et al., 1988). Finally, all of
these cell groups show a rich expression of GR protein and mRNA, suggesting the potential
for GCs to exert negative feedback action by way of hypothalamic cell groups (Herman,
1993). VMH lesions decrease the ability of low doses of B to inhibit baseline ACTH
release and implants of B into the MPOA inhibit HPA responses to restraint and reduce

AVP content in the median eminence (Viau and Meaney, 1996).
Basal HPA activity

There is a daily rhythm in adrenocortical system activity (Dallman et al., 1987).
This circadian rhythm is thought to be generated by the suprachiasmatic nucleus of the

hypothalamus (SCN) and regulation of the rhythm differs depending on the phase of the
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light: dark cycle. Mean 24-hour basal plasma B levels in male rats average around 5 ug/dl.
Low levels of B (0-5 ug/dl) are secreted throughout most of the light cycle, but 2-3 hours
prior to the onset of dark, B levels begin to rise and peak just prior to, or at the onset of,, the
dark cycle (Dallman et al., 1987). B levels begin to decline thereafter such that by the end
of the dark cycle, circulating levels of B are low. A number of groups have shown that there
is an ultradian rhythm in both ACTH and cortisol in humans and rats (Windle et al., 1998;
Veldhuis et al., 1989). Windle’s group has shown that in the rat, circulating B
concentrations display a dynamic ultradian pattern of release throughout the 24-hour cycle
(Windle et al., 1998). The data in their studies suggested that pulse frequency did not
change over the 24-hour period, which indicates that any pulse-initiating mechanisms that
have influence over basal HPA activity have constant periodicity throughout the day. This
suggests that the HPA axis is actively driven over the whole circadian cycle (Windle etal.,

1998).

A rhythm in ACTH is also observed, but it is of much smaller amplitude than that of
B. This rhythm is ultradian, since a number of peaks arc seen throughout the 24 hour cycle
and a distinct AM/PM difference is frequently not seen (Cascioet al., 1987). ACTH s
known to occur in a pulsatile manner (Ixart et al., 1993; Boyle et al., 1997); the peptide
shows a circhoral rhythm and variation over the 24-hour cycle (Cames et al., 1989). Similar
observations regarding the release of CRF have been made (Ixartetal., 1987; Lui etal,,
1994). In general, the rhythm of hypothalamic immunoreactive CRH (ir) has two distinct
peaks, one during the middle of the the AM phase and one following the onset of the PM,
with a trough in CRH ir in between the two peaks that corresponds to the peak in plasma B

levels (Moldow and Fischman, 1984).

Basal activity during the trough of the rhythm results mainly from constitutive
secretory activity of the pituitary and adrenal components of the HPA axis without
hypothalamic input; basal activity during the peak of the rhythm requires input from the
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hypothalamus that is probably driven by signals from the SCN (Dallman etal., 1987).
These conclusions are supported by a number of lines of evidence: 1) lesions of the basal
hypothalamus (Kaneko et al., 1980), the PVN (Dallman et al., 1989) or the SCN (Cascio et
al., 1987) do not decrease AM ACTH levels below their already low values but do prevent
the normal PM rise in ACTH and B. 2) Passive immunization of rats with CRF antisera
does not alter basal trough ACTH and B levels but does prevent the normal PM rise in both
(Badgy etal., 1991). 3) Basal trough plasma B levels in intact rats are indistinguishable
from those in ADXed rats, whereas basal peak plasma B is markedly elevated in intact but

not ADX-ed rats (Dallman et al., 1987).
Circadian Activity

Circadian activity in the HPA axis is believed to be generated, in part, by the SCN
(Dallman etal., 1987). Indirect inputs from the SCN to the PVN have been described (Berk
and Finkelstein, 1981) and these may be partly responsible for the rhythmic change in basal
activity which is characteristic of the HPA system (Cascio et al., 1987). The SCN lacks
significant direct projections to the mpPVN (Buijs et al., 1993) but appears to innervate
several hypothalamic cell groups that have been confirmed to provide afferents to the
hypophysiotropic zone. These areas include the periventricular PVN and the dorsomedial
hypothalamic nucleus (Buijs et al., 1993). This pathway is thought to be vasopressinergic:
the high release of AVP from SCN terminals duning the light period coincides precisely
with low levels of circulating B at this time of day (Kalsbeek et al., 1996).

The PVN does not generate the rhythm independently of the SCN, since lesions of
the SCN diminish (Abe et al., 1979) or abolish (Krieger et al., 1977) the normal rhythm in
basal activity. The rhythm in plasma GCs and ACTH is entrained to the light:dark cycle.
Constant light exposure disrupts circadian rhythmicity and can cause phase shifts in plasma
B levels (Krieger and Hauser, 1978). A second major factor that determines basal activity in

the HPA axis is feeding (Daliman et al., 1987). Rats consume more than two thirds of their



food in the PM phase of their cycle (Le Magnen, 1981). An association between
adrenocortical activity and food intake was demonstrated in man in 1959 (see Krieger,

1979) and subsequent studies have shown that there are marked feeding-associated
increases in plasma cortisol levels (Krieger, 1979). Johnson and Levine (1973) first
reported that when rats were allowed only 30 minutes/day access to water, B levels were
elevated just prior to the onset of the time of drinking and fell thereafter very rapidly. This
effect obscured the normal circadian input from the light:dark cycle. Lesions of the SCN
abolish the rhythm in B; this rhythm can be reestablished by food restriction (Dallman et al.,
1987). Because both of these rhythms are normally in phase, then both most likely

contribute to the normal amplitude of the circadian rhythm in basal activity of the system.
Feedback control of basal HPA activity

Basal HPA activity is subject to negative feedback effects of B during all phases of
the cycle. Studies investigating negative feedback usually involve removal of B by ADX
and replacement with exogenous levels of the steroid. ADX produces a rapid increase in the
rate of ACTH secretion within 20-40 minutes (Dallman et al., 1972) and lasting 2 hours.
During the first days following ADX, all components of the HPA axis show increased
activity (Dallman et al., 1987). There is, however, from 2 to 6 and up to 48 hours following
ADX, a decrease in ACTH levels in plasma that is associated with a decrease in pituitary
ACTH content. The subsequent rise in pituitary ACTH content translates into increased

plasma ACTH levels and this remains at a steady state of activity (Dallman et al., 1987).

In addition to increased corticotrope activity following ADX, 1-2 weeks following
ADX corticotrope numbers have doubled (Rappay and Makara, 1981). ADX causes a rapid
increase in bioactive CRF content in the median eminence at 2.5 minutes followed by a
decrease in CRF content at 20 minutes after the removal of the adrenals (Keller-Wood and
Daliman, 1984). Increases in mRNA in the parvocellular portion of the PVN of both CRH
and AVP (Davis et al., 1986; Wolfson et all., 1985) are found following ADX. Further
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evidence for the role of GCs in mediating negative feedback inhibition of basal HPA activity
comes from work from Dallman et al. (1987). The rise in basal tough levels of ACTH after
ADX is prevented by chronic replacement with very low amounts of B; under these

conditions B also suppresses the ADX-induced synthesis of AVP.

Feedback inhibition of ACTH by B is subject to differential control in the AM
versus the PM. Bradbury et al. (1991) showed that administration of antisera to CRF
suppresses PM peaks in ACTH and B but has no effect on AM HPA function;
administration of the antisera following ADX decreases both PM and AM levels of ACTH
(Bradbury et al., 1991). ACTH concentrations during the trough of the rhythm are thus
controlled by very low, constant circulating concentrations of B; however higher
concentrations are required to inhibit peak ACTH secretion (Bradbury et al.,1991b). In fact,
aPM increase in ACTH is still seen in ADX animals replaced with GCs (Akanaetal.,
1986) suggesting increased brain drive in the PM. Human studies suggest the same:
treatment of people with metyrapone or the GC antagonist RU-486 stimulates ACTH
secretion at peak but not trough times (Gaillard et al., 1984). These studies suggest that
ACTH secretion is more sensitive to the inhibitory effects of GCs in the PM than in the
AM,, suggesting increased central drive in the PM. The occupation of GR and MR play an

integral role in the regulation of basal HPA activity.
GR and MR-Basal HPA Funciion

The IC,, for the inhibition of ACTH in the morning, 0.7 nM of free B in plasma
(Dallmanetal., 1989), is very close to the K, for the type | receptor and has been estimated
to occupy 87% of the type | and 10% type II receptors (Veldhuis et al., 1982). In the
evening the IC,, for the reduction of ACTH by free plasma B in ADX rats 5 days after
surgery is 3.9 nM, five times that of the IC,, in the AM (Dallman et al., 1989). Dosesof B
at this level occupy approximately 95% of the type I receptors and 25% of the type I1
receptors (Veldhuis et al., 1982). In a study by Bradbury et al. (1994) the type I receptor
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agonist, spironolactone, disinhibited plasma ACTH in the AM in ADX rats with either a low
(2 ug B/dl plasma) or high (8 ug B/dl) negative feedback signal. In the evening,
spironolactone increased ACTH in ADX rats with a higher B pellet dose, a treatment
estimated to result in approximately 50% type Il receptor occupation. Because it is clear
that more B is required to reduce HPA activity in the evening, it has been proposed that
there is a shift in control from the type | to type II receptor at this time of day (Bradbury et
al., 1991). However the low efficacy of DEX alone in inhibiting plasma ACTH in the
evening does not fully agree with this hypothesis (Bradbury et al., 1994). Only the
presentation of DEX and B pellets together in the evening to ADX rats results in the

inhibition of PM ACTH. These required PM levels would occupy GRs as well as Mrs.

PM levels of ACTH are thought to be maintained by the combined occupancy of
MR and GR. In the study by Bradbury et al. (1994), DEX given to ADX rats reduced
plasma ACTH only in the presence of very low concentrations of B, suggesting that for full
potency, type Il receptor occupation requires type | receptor occupation. Spironolactone
administration to ADX-ed rats replaced with a high B signal, results in elevated ACTH
throughout the entire circadian rhythm, suggesting the role of MR in regulating both Am
and PM levels of ACTH. Ratkaetal. (1989) found that, in the AM, i.c.v. administration of
the MR agonist RU283 18 produced an elevation of plasma B, but the GR antagonist
RU38486 did not have an effect, suggesting that low levels of ACTH (and B) are

maintained during the trough by B inhibition at MR sites.

The site(s) at which B acts to inhibit ADX-induced ACTH secretion appears to be
the brain but where in the brain is still an open question. In vitro studies of pituitary and
hypothalamus have shown direct inhibition by B of ACTH synthesis and secretion
(Widmaier and Dallman, 1984) and CRF secretion (Nicholson et al., 1989). Dallman’s
group has performed a series of studies (reviewed in Bradbury et al., 1991) whether the

same sites of feedback regulation are involved in vivo. Rats prepared with hypothalamic
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and sham lesions (lesions prevented the endogenous secretion of CRF/A VP) were infused
with CRF or vehicle. The rats were either ADX or sham-ADX. In the absence of either
endogenous or exogenous CRF, ADX had no effect on any measures of ACTH production
or secretion, demonstrating a complete lack of corticotroph autonomy in the response to
ADX. In rats lesioned and given CRF, plasma and pituitary ACTH in the sham-ADX rats
were lower than those in the ADX rats, providing clear evidence for inhibition by
endogenous adrenal secretions at the pituitary. The conclusion here is that the
hypersecretion of ACTH induced by ADX is a direct consequence of the normal action of B
on the brain; under basal, trough conditions, the low B concentrations seen do not act at the

pituitary to modulate the secretion of ACTH (Bradbury et al., 1991).

The hippocampus has been shown to be important for inhibitory tone over the HPA
axis (DeKloet et al., 1998). Dorsal hippocampectomy or transection of the fornix elevates
the basal HPA activity at the circadian trough in particular and CRH mRNA and AVP
mRNA expression in the moming (Herman et al., 1989). In animals sampled throughout the
day, i.c.v. administration of the MR antagonist elevated basal trough levels of plasma B
(Ratkaetal., 1989). In the afternoon phase, MR antagonists also elevated basal ACTH and
B levels (Oitzl et al., 1995) as did a 10-fold lower dose injected bilaterally into the
hippocampus (Van Haarst etal., 1997). A B implant into the dorsal hippocampus
suppressed ADX-induced elevations in ACTH levels, while DEX implants were ineffective

(Kovacs and Makara, 1988) which further supports the MR specificity of the response.
Stress-Induced HPA Activity

Organisms are constantly subjected to stimuli that can be interpreted as a stressor:
Predators, climate changes, changes in the immediate environment, reproductive pressures,
social interactions, illness or injury. In the laboratory setting a number of classical stressors
have been used to stimulate the HPA axis. These include immobilization, restraint, predator,

predator odours, social stress, cues associated with a previous stressor, insulin-induced
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hypoglycemia, novelty, frustration, hemorrhage, handling, cold, footshock and ether.
Interestingly, each stressor, by virtue of how its interpreted (psychologically, physically,
emotionally, or a combination of any) will provoke a particular and unique response along
the HPA axis. In general, however, the stress axis is controlled primarily by parvocellular
neurons of the PVN. These neurons contain a number of neuropeptidergic
adrenocorticotropin (ACTH) secretagogues, the most prominent of which are CRH and
AVP (Antoni, 1986; Whitnall, 1993). Upon stimulation by stress or circadian drive, PVN
neurons secrete these neuropeptides into the hypophysial portal system at the external
lamina of the median eminence. CRH appears to be necessary for ACTH secretion and acts
as the primary secretagogue, however factors such as AVP, which is co-stored and co-
released with CRH in the parvocellular PVN, and oxytocin, which is probably derived from
the magnocellular neighbor act in synergy with CRH at the corticotrope, potentiating
pituitary release of ACTH. Once released, ACTH travels via systemic circulation to the

adrenal cortex; here ACTH promotes both the biosynthesis and release of GCs.

Conirol of ACTH release

CRH, AVP, OXY and other neuropeptides have al! been found in the portal
circulation and have been shown to either produce or potentiate the release of ACTH from
the anterior pituitary. Of particular importance is the notion that it is impossible to
generalize about correlating the severity, duration and type of stressor and the resultant
peptide alteration since the response to each particular stress is extremely unique. However
there is an extensive amount of evidence implicating CRH as the main ACTH secretagogue

and how CRH itself is modulated by other neuropeptides.

CRF-41 (Valeetal., 1981) and AVP have ACTH-releasing actions in vivo and their
levels in the hypophysial portal blood bathing pro-opiomelanocortin (POMC) cells of the
anterior pituitary reach concentrations which may alter ACTH secretion (Plotsky, 1991).

Early studies using peptide antagonists and passive or active immunoneutralization indicated
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that both of these factors play a role in the regulation of ACTH secretion under conditions
where ACTH release is stimulated (Makara, 1993). Fairly large doses of antibodies to
CRF-41 or AVP failed to counteract the ACTH-releasing effect of stressful stimuli
completely, but the combination of CRF and AVP antibodies appeared to resultin a
blockade of ACTH secretion (Rivier and Vale, 1983). Van Oers et al (1988) showed
however, that a large dose of monoclonal antibody to CRF-41 completely blocks the

response (o ether-induced stress in rats.

Physical stressors, including foot-shock, i.p. injection of hypertonic saline and
nalaxone precipitated opiate withdrawal, as well as psychological stressors, including
immobilization and swimming cause a significant increase in hypothalamic CRF mRNA
(Lightman and Harbuz, 1993). Murakami’s group found that stressor onset produced an
increase in median eminence content of CRH but with no detectable levels of CRH in the
PVN (Murakami et al., 1989). This increase in the median eminence is in fact transient, as
CRH content begins to decline after the initial increase in response to ether; this decrease
could reflect the release of CRH into the portal circulation and depletion of CRH stores in

the median eminence.

A VP potentiates the effects of CRH on ACTH release but not induction of POMC
(Whitnall, 1993). The primary site of AVP synthesis is the magnocellular neurons of the
supraoptic and paraventricular nuclei, which project to the posterior pituitary. AVPis also
synthesized in other regions of the hypothalamus, including the SCN and the CRF-
containing cells of the medial parvicellular PVN (Whitnall, 1990). AVP acting on the
adenohypophysis may denve from these parvicellular sources or in passing release into the
median eminence by magnocellular projections or from short portal vessels connecting the
anterior and posterior pituitary (Stout et al., 1995). AVP synthesis and release are not only
increased in response to hypertonic or hypotensive stress but also in response to insulin-

induced hypoglvcemia (Burbach et al., 1984; Plotsky et al., 1985). Ina study by Van
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Dijken et al. (1993) a single session of repeated footshock produced long-term increase in
AVP but not CRF in the median eminence. Whitnall (1993) has suggested that the CRH
released into the portal circulation following stress is derived from the CRH+/AVP+
population of neurons in the median eminence. Exposure to acute stress resulted in
depletion of secretory vesicles from CRH+/A VP+ terminals but not CRH+/A VP- terminals

in the zona externa of the median eminence.

Oxytocin (OT) has been implicated in the response to a variety of stressors and in
potentiating CRF-stimulated ACTH release (Antoni et al., 1983) in the rat but not in the
primate (Gibbs, 1986). One minute of immobilization stress increases plasma OT and
decreases hypothalamic OT concentrations (this stressor does not alter AVP
concentrations). Increased OT release has also been demonstrated in response to ether

stress but not to the stress of a novel environment (Gibbs, 1986).
ACTH response to stress

The response to stress by the HPA axis involves an increase in ACTH release,
regardless of what time of day the stress is applied (Dallman et al., 1987). There is a strong
relationship between increasing stimulus (or stressor) intensity and magnitude of ACTH
secretion; once the stressor is terminated, however, ACTH levels begin to decline. If the

stressor is of sufficient intensity, the decline in ACTH is delayed (Dallman et al., 1987).

A diurnal difference in ACTH and B responses to a variety of stressors has been
described as larger in the AM phase of the cycle. By stressing ADX rats, Bradbury and
colleagues (1991) have shown that the diumal rhythm in stress responsiveness, in which
ACTH responses in the AM are greater than in the PM, is seen in both SHAM and ADX
rats. This suggests that this diurnal difference in HPA responsiveness to stress was not
dependent on stress-induced increases in circulating levels of B. Finally, this difference was
notdue to a loss in sensitivity to secretagogues in the PM, since pituitary responsiveness to

exogenously administered CRH and AVP was similar in the AM and PM. In addition to
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mechanisms involved in terminating the response (see section on negative feedback). Fast
and delayed feedback appear to act to inhibit stimulus-induced ACTH secretion only,
whereas the slow feedback effects act to inhibit the expression of POMC mRNA and
ACTH synthesis, resulting in inhibition of both basal and stimulated ACTH secretion
(Keller-Wood and Dallman, 1984).

While the injection of exogenous B results in the inhibition of the B response to a
subsequent stress, exposure 1o a stressor does not inhibit ACTH and B responses to a
second stressor administered between 1 and 24 hours later (Dallman and Jones, 1973). In
fact, exogenously administered B serves to inhibit further responses to stress, whereas prior
stress seems to facilitate and inhibit further stress-induced responses and as a resuit, HPA
acuvity in response to a second stressor is similar to the response to the first stressor. The
questions that remain involve identif ying what features of HPA activity serve negative
feedback or facilitative roles and how these two processes jointly determine the magnitude
of the response to stress. The origin of the negative feedback signal (from basal, prior
stress-induced or ongoing HPA activity) has helped to explain why exogenous B but not

stress-induced B elevations inhibit the response to a subsequent stressor.

Following ADX, basal and stress-induced ACTH responses are increased (Akana et
al., 1988). When ADX rats are given B pellets that approximate normal basal levels, they
still show increased ACTH responses to different stressors. Since ADX abolishes both the
circadian and stress-induced increase in B, the absence of either B signal could account for
the exaggerated ACTH response to stress. To further evaluate the relative roles of circadian
and stress-induced increases in B in determining ACTH responses to stress, Jacobson et al.
(1988) did the following study. Rats treated with cyanoketone (inhibits the conversion of
inactive hydroxysteroids to active ketosteroids and thus inhibits B synthesis) (Felig etal.,

1995) or vehicle on preceding days were exposed to an acute restraint stress either during
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the daylight or dark hours. At all times the cyanoketone-treated rats exhibited at least a 65%
reduction in the magnitude of the B response to this initial stress compared to the vehicle
treated rats. Basal and stress-induced ACTH and B levels were measured in rats stressed
during the previous 12-hour period and also in naive rats (not exposed to prior stress) at
either the trough or peak of the diurnal rhythm. Compared to naive rats, prior stress had no
effect on basal ACTH and B in the AM, in either vehicle or cyanoketone-treated rats. Prior
stress elevated basal ACTH in the PM in both rats groups compared to their naive controls.
Prior stress had no effect on the magnitude of the ACTH response to stress in the AM in
vehicle treated rats, compared to their naive controls. In contrast cyanoketone-treated rats
exposed to stress markedly hypersecreted ACTH, compared to their respective controls, in
response to stress in the AM. The ACTH response to stress in naive cyanoketone-treated
rats was not different from that in either previously stressed or naive-treated controls. These
results provide direct evidence that prior stress induced facilitation of subsequent activity in
the HPA axis (Dallman et al., 1992). Hypersecretion of ACTH occurs after stress applied
in the AM in previously stressed rats that were unable to secrete a normal amount of B at
the time of initial stress. The facilitatory action of initial stress on subsequent HPA activity
enables animals to remain normally stress-responsive in the face of persistently, or
previously elevated steroid feedback signal. The results of this study called into question
the notion that stress-induced increases in B serve to inhibit the ACTH response to ongoing
or continual stress and confirmed the role of circadian B as an adequate negative feedback
signal in the control of ACTH responses to stress. These results confirmed how a single
exposure to stress provides both the facilitatory and inhibitory signals for further stress-
induced HPA responses, bringing these two signals into balance. Stress acts to facilitate
subsequent responses in the adrenocortical system and this facilitation is balanced by the
GC feedback signal related to basal or prior stress-induced HPA activity. GCs limits

further responses of stress responsive systems so as to minimize harmful overexposure to



37

the catabolic GCs. However, facilitation allows for normal ACTH responses under

conditions where repeated feedback signals should inhibit the response.
Negative Feedback Sites under Stressful Conditions-Role of MR and GR

Occupation of MR by endogenous ligand is 90% during morning trough levels of
HPA activity (Reul and DeKloet, 1985). Similar levels of occupation (88-97%) were
observed at the diurnal peak and after 1 hour of restraint stress respectively. Thus, MR are
extensively filled with endogenous B under most circumstances, while the GR become more
occupied concurrent with increasing plasma B concentrations due to stress of the diurnal
rhythm (Reul and De Kloet, 1985). However, exclusive activation of GRs is insufficient to
suppress the circadian peak and MR activation appears to be indispensable (Bradbury etal.,
1994).

Occupancy of hippocampal GR seems to be particularly sensitive to changes in
circulating B. Meaney et al. (1988) have shown that under basal B conditions about 15% of
putative GR are occupied while following a 20 minute period of restraint stress, around 89%
of the GR are occupied with a concomitant increase in GR translocation to the nucleus
(from 15% to 57%). Another piece of evidence supporting the role of GR regulation of
ACTH responses to stress is from a study by Akana et al. (1988). Higher levels of B were
required to dampen stress-induced ACTH and PM ACTH levels in ADXed animals. The
IC,, for ACTH inhibition in the PM is around the K, for GR (2.5-5nM); this further
supports the regulation of stress-induced ACTH by the binding of B to GR.

In vivo and in vitro experiments have demonstrated a role for the pituitary as a
locus of negative feedback for stress-induced increases in ACTH. Corticosteroids inhibit
stumulated (via administration of CRH, AVP. EPI, OXY) ACTH release from incubated
perfused and superfused pituitaries (Rivieretal., 1982; Labneetal., 1984; Link et al.,
1993). The in vivo evidence is not as strong. Only high circulating levels of GCs can act at

the pituitary to inhibit ADX-induced hypersecretion of ACTH (Levin et al., 1988). Finally



evidence from Spencer et al. (1990) suggests that the effects of B inhibition on ACTH
release may be mediated by MR at the pituitary. Stress did not produce increased
occupation of GR in the pituitary but did increase the occupation of MR. This suggests an

insensitivity of the pituitary to high circulating levels of GR.

GCs are thought to act directly at the level of the PVN to inhibit ACTH and
secretagogue release. Previous studies have shown that steroid implants (DEX or B) in the
PVN region are able to inhibit the ACTH and B responses to neural stimuli (Feldman et al.,
1992) and reverse ADX-induced upregulation of CRH and A VP (Kovacs et al., 1986,
Sawchenko et al., 1987). These effects are presumably mediated via type I receptors as the
PVN contains high amounts of GR immunoreactivity and mRNA (Herman et al., 1993,
Fuxe etal., 1985). Other hypothalamic nuclei, such as the MPOA (< biblio >) and the
arcuate (Magarinos et < biblio >) are also involved in stress response regulation. Lesions
to the ventromedial nucleus of the hypothalamus (VMH) cause hyperactivity in the HPA
system Dallman, 1984) which has been proposed to be mediated by occupancy of type |
receptors (Suemaru et al., 1995). However, other evidence has shown that
extrahypothalamic afferents to the PVN are required for maintenance of CRH and AVP
expression (Herman et al., 1990) and local application of GCs or antagonists into
extrahypothalamic sites can modulate HPA activity (Kovacs and Makra, 1988). Thusitis
likely that other GC sensitive regions within the CNS are capable of modulating HPA axis

activity via neuronal projections to the PVN.

One brain region frequently implicating the feedback effects of GCs is the
hippocampus. The hippocampus contains very high levels of GR and MR and has been
suggested to play a role based on hippocampal lesion and B implant data (Magarinos et al.,
1987; Sapolsky et al., 1984, 1990; Plotsky etal., 1987). Dorsal or complete
hippocampectomy augments plasma B in response to surgery stress (Feldman and Conforti,

1980) and destruction of more than 50% of the neurons in the hippocampus enhances
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restraint-induced increases in plasma B (Sapolsky et al., 1984). The hippocampus may also
affect the termination of HPA responses to stress (Sapolsky et al., 1984); rats with
hippocampal lesions have sustained elevations in B one hour following the termination of
restraint stress. Available evidence suggests that most known ACTH secretagogues are
influenced by hippocampal input. Fornix transection reduces the sensitivity of CRF, AVP
and OT to B feedback in a seretagogue specific manner and as the fornix carries efferent
projections from the hippocampus to the septum, these data are further evidence for a

hippocampal role in negative feedback regulation.

The hippocampus contains high concentrations of MR and GR and a number of
groups have examined the role of MR and GR in the hippocampus in negative feedback
(Jacobson and Sapolsky, 1991). Sapolsky et al. (1990) demonstrated that occupancy of
hippocampal GR is negatively correlated with portal levels of CRH and A VP but that CRH
was related to the extent of both MR and GR occupancy in the hippocampus. Bradbury
and Dallman (1989) showed consistent data: in ADX rats replaced with constant levels of B
and treated with the MR antagonist spironolactone showed elevations in AM and PM
ACTH, suggesting the involvement in both types of receptors in the inhibition of circadian

peak of ACTH secreton.

While most of the lesion data show an elevation in adrenocortical activity, there are a
number of reports that show either no effect of fimbra-fornix lesions (Bradbury et al.,
1993) or an inhibition of unstressed and stressed B secretion following hippocampal or
fornix lesions. Some of the contradictory results have been explained by the variability in
recovery time between lesion and experiment. Rats with fornix lesions were found to have
no circadian B rhythm 1 week after surgery but had a normal circadian peak and trough by
3 weeks post-surgery (Lengvari and Halasz, 1973). Bradbury et al. (1993) propose that
fornix lesions may cause a shift in the site of feedback from the hippocampus to another

area with B receptors.
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The medial region of the rat prefrontal cortex contains both MR and GR and these
sites share the binding properties of MR and GR described elsewhere in the brain (Reul and
De Kloet, 1985). Lesions of the cingulate gyrus of medial prefrontal cortex (MpFC) were
associated with significantly increased plasma ACTH and B in response to stress (Diono et
al., 1993). Further, B implants into this same region significantly reduced plasma ACTH
and B responses to stress suggesting an inhibitory effect of GCs on stress-induced HPA
activity. Implants of DEX or B into the lateral septum (Dallman and Y ates, 1968) reduce
stress levels of B and lesions of the central nucleus of the amygdala attenuate HPA

responses to restraint (Beaulieu et al., 1987).

Chronic Stress

There is substantial evidence that chronic stress contributes as a significant nisk
factor to the expression of disease. These include diabetes (Surwitetal., 1991; Cox and
Gonder-Fredenck, 1991), gastrointestinal disorders, including ulcers (Weiner, 1992), heart
disease (Jacobs et al., 1992), cancer, viral infections and autoimmunity (Cohen etal., 1991;
Spiegel etal., 1989), neurological disorders including depression, Alzheimer’s and memory
loss (Arborelius et al., 1999; Deshmukh and Deshmukh, 1990; Lupien et al., 1998) and
hypertension (Lawler and Cox, 1985). Chronic changes in HPA activity have been

correlated with the onset, progression and relapse of these disorders.

Chronic stress is a difficult concept to define because there are a number of models
that have been developed to simulate chronic activation of the HPA axis. The first
paradigm is the chronic, intermittent stress paradigm, where animals are exposed to the same
stressor on a daily basis for a certain period of time during the day and for any number of
days. For example a3 hour period of restraint given daily for three consecutive weeks
would be an example of this kind of paradigm. Another intermittent chronic stress
paradigm is the same as the one previously described with the exception that the stressor

changes from day to day. This has been termed *“vanable unpredictable stressor” and
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differs from the intermittent chronic stress. Here, for example, on day one the animal would
receive a 3 hour period of cold, on day two, a three hour period of cat odor, on day three, a
one hour swim stress, etc... for a period of three weeks. The second paradigm is a
continuous chronic stress, which is exposure to a stressor for 24 hours per day for a
number of days. 24 hours per day of cold for three weeks would be an example of this kind
of stress. The final chronic stress is one where a disease state is present, such as
streptozotocin (STZ)-induced diabetes or a chronic immunologically mediated inflammation
such as adjuvant arthritis. The Kinds of paradigms used in the rodent studies to be
described are either chronic intermittent or chronic intermittent with the unpredictable
stressor component and, by virtue of the disease state caused by dietary manipulations, we

have used the chronic stress model where a disease state is present.
Chronic Stress with Disease State

Common responses of the adrenocortical system to both repeated punctuate and
sustained stressors include: increased pituitary corticotrope metabolic activity (Pollard et al.,
1976), increased adrenal weight and increased AM plasma B levels compared to control rats
(De Nicolaetal., 1977; Vernikos et al., 1982; Gibson et al., 1985). In streptozotocin (STZ)-
induced diabetes, rats are injected with STZ in the tail vein and usually studied S days
following injection. Rats exposed to STZ-induced diabetes have been shown to exhibit
exaggerated plasma B responses to novel, acute, stimuli (Daniels-Severs et al., 1973; De
Nicola et al., 1977) and decreased sensitivity to GC negative feedback compared to control
rats (Young etal., 1990). In a study by Scribner et al. (1991), single samples of basal
plasma ACTH and B did not reveal significant differences between vehicle and STZ-treated
rats. Nonetheless, STZ-treated rats exhibited consistent increases in adrenal weight,
decreases in thymus weight as well as elevated urinary B output. STZ-diabetic rats
hyperesponded to the acute stress of histamine injection but did not exhibit altered pituitary

sensitivity to CRF and/or A VP; they also exhibited normal adrenal responsiveness to



42

ACTH. Finally, the B response to acute stress was not as effectively inhibited by DEX as in
the vehicle-treated controls. Thus, the chronic stress of STZ-induced diabetes causes both
tonic hyperactivity of the adrenocortical system. which is possibly dampened but not
abolished by the chronically elevated but not relatively ineffective feedback signals, and
facilitates the activity of central neural components of the adrenocortical system (Scribner et

al., 1991).

In the case of adjuvant or mycobacterial arthritis, the inflammation becomes apparent
between 11 and 16 days after injection and reaches a peak 21 days, after which the acute
phase subsides (Harbuz and Lightman., 1992). The development of the arthritis is assessed
by paw volume, i.e. the number of swollen joints in the hind paws. In terms of HPA
activity, a number of studies have reported increased circulating levels of B, increased
adrenal weight and increased POMC mRNA and ACTH content in the anterior pituitary
(Harbuz and Lightman., 1992). When the first signs of arthritis are evident there is a
coincident fall in CRF mRNA in the PVN, a fall in CRF release into hypophysial circulation
and an increased release of AVP into portal blood. Thus in chronic disease states such as
adjuvant arthritis and STZ-diabetes, mean AM levels of B are elevated (resulting in a loss of
diurnal rhythm), adrenal weight is increased as are POMC mRNA and ACTH content in the

anterior pituitary.
Chronic, Intermittent Stress
Similar Daily Stressor paradigm

Adrenal size and plasma and adrenal B levels increase initially in response to
chronic stress, but subsequently return to baseline levels in spite of continued exposure to
the stimulus (Seyle, 1946). Stressors, including repeated footshock (Kant et al., 198S;
Pitman et al., 1990), repeated restraint (Hashimoto et al., 1988), ethanol stress (Spencer and
McEwen, 1990) and intermittent noise Amario et al., 1986) cause plasma B elevations for up

to one week into the stressor, but these levels subsequently fall back to control levels.
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However, Vernikos et al. (1982) found that exposure to 2 weeks caused increased adrenal
weight and decreased thymus weight and Ottenweller et al. (1994) found that AM B levels
were consistently elevated in response to restraint-shock sessions, but that PM B levels were
similar in stressed and control rats. Thus increased HPA activity is not consistently seen
during or following chronic intermittent stress paradigms and if alterations in basal B are

seen, it is usually confined to the circadian trough.

ACTH levels do not remain elevated in chronic stress paradigms (Daniels-Severs et
al., 1973; Hashimoto et al., 1988) although in one chronic restraint stress paradigm, while
ACTH levels fell with repeated exposure, elevated plasma B concentrations persisted over
16 days (Hauger et al., 1990). Amario et al. (1986) showed that animals exposed to chronic
noise stress for 22 days had lower B responses to the 22nd noise compared to animals
exposed to the noise for the first time. [n response to chronic cold, Daniels-Severs et al.
(1973) reported that increased B for one week, falling to levels below controls after 8 weeks.
Vemikos et al. (1982) reported that circulating levels of both ACTH and B were greater
compared to controls at all times over two weeks. Bhatnagar et al. (1995a) found that in rats
exposed to chronic intermittent cold, basal plasma B and ACTH, CBG and EPI were similar
in stressed and control animals, while catecholamine enzyme activity was higher in the
chronically stressed rats. Adaptation to the same (or “homotypic™) stressor is an efficient
response to a threat which becomes predictable and familiar, although, as outlined above,

adaptation to chronic stress is not uniform across all paradigms.

While, for the most part, responses (o the same repeated stressor habituate, the
presentation of a novel (or “heterotypic”) causes a hyper-responsiveness of the HPA axis
(Vemikos etal., 1982; Youngetal., 1990; Ottenweller et al., 1989; Scribner et al., 1991,
Opstad, 1991, Bhatnagar et al., 1995) and a decreased sensitivity to exogenously
administered GC-feedback signals (Vernikos et al., 1982; Scribneretal., 1991). This

facilitation to the novel stressor enables the animal to remain normally stress responsive to
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an unencountered and unpredictable stress. Facilitation does not occur in all chronic stress
paradigms. When animals are chronically injected with ethanol (Spencer and McEwen,
1990) or intermittently restrained (Kant et al., 1985) exposure to the heterotypic stress does

not result in facilitative HPA responses to the novel stressor.
Variable, Unpredictable Chronic Stress

The chronic sequential exposure of rats or mice to a variety of mild stressors as
used in the chronic mild (unpredictable) stress (CMS) paradigm reportedly produced
performance deficits in behavioral paradigms that measure responsiveness to rewards
(Azpiroz et al., 1999). As stress is said to be implicated in the etiology of depression
(Brown and Harris, 1988), the CMS paradigm appears to provide a relatively realistic animal
model of the decreased response to rewards (anhedonia) that characterize depression
(Fawcett et al., 1983), facilitating the study of concomitant changes in brain and immune
function. The stress regimen consists of variable stressors, such as water deprivation, acute
cold, acute restraint, acute swim, continuous illumination, cage tilt, intermittent sound,
predator odour and acute isolation. Stressors get programmed throughout the time period
prescribed) and are changed everyday so that animals are unable to predict which stress they
are going to receive on any given day. In terms of HPA axis activity, results from very few
studies have been inconsistent. Azpiroz et al. (1999) found that after 4 weeks of the CMS
paradigm, B levels were similar to unstressed controls, either following 4 or 7 weeks of
stress. Ayvensu et al. (1995) reported higher B levels in rats after 4 weeks of CMS. It has
been suggested that whether adaptation occurs is dependent on the intensity of the stress
(Pitman et al., 1988); since studies using the CMS paradigm apply a variety of stressors of

differing intensities, it is difficult to compare the resuits of these studies.

Changes in Central Components of the HPA Axis

Chronic stress paradigms with enhanced ACTH responses to a novel stimulus are

associated with different degrees of stimulation of CRH expression (Bartanusz et al., 1993;
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Imaki et al., 1991; Kiss and Aguilera, 1993; Lightman and Harbuz, 1993). Moreover, while
repeated footshock or i.p. hypertonic saline injections do not produce a desensitization of
ACTH are associated with sustained increases in CRH mRNA in the PVN (Imaki et al.,
1991; Kiss and A guilera, 1993; Lightman and Harbuz, 1993), the desensitization of the
ACTH responses to the primary stress observed during chronic immobilization or cold
exposure is associated with a more transient elevation in CRH mRNA, detectable only after
the repeated stress (Bartanusz et al., 1993). In adjuvant arthritis models of chronic stress,
there is a consistent fall in CRF mRNA in the PVN that is coincident with the first signs of
arthritis, in addition to a corresponding decrease in CRF-41 in portal blood (Harbuz and
Lightman, 1992). AVP release into portal blood was increased, suggesting that in the
presence of permissive levels of CRF, A VP may activate the HPA axis (Harbuz et al., 1992).
Finally, Hauger et al. (1990) found that chronic restraint results in a loss of anterior

pituitary CRF receptors.

Young et al., (1990) found a lack of fast feedback inhibition of corticotroph
responses in rats exposed to an intense chronic intermittent swim stress and suggested that
lower steroid receptor concentrations might be involved in this diminished fast feedback. In
fact, studies in the rat have shown that the levels of GR in the hippocampus and anterior
pituitary are decreased following chronic stress (Sheppard et al., 1990). Sapolsky et al.
(1990) found decreased receptor densities in hippocampus and amygdala in animals
exposed to chronic intermittent stressors for 3 weeks and Spencer and McEwen (1990)

found evidence for changes in MR densities in both hippocampus and forebrain.

Chronic stress in humans

Chronic stress in humans has been investigated under different paradigms: there are
physical stressors such as exertion, heat, cold trauma, infection, and inflammation, and
psychological stressors such as fear and anxiety, social stress, humiliation, and

dissapointment. Individuals use a diverse array of coping mechanisms and their
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environmental and genetic backgrounds influence both the response and manner with which
they deal with stress. In addition, the perception of the stressor is critical and can
profoundly affect both the actual response of the individual to stress and the outcome from
the stressor itself. Finally, the effects of acute stress will often synergize with chronic stress
(myocardial infarctions, for example) and potentially exacerbate and hasten the onset and
progression of disease. Thus in reviewing chronic stress in humans it is imperative to keep

all of these factors as contributing to the appearance of pathology.
Basal HPA function in Humans

Before describing the effects of stressors on HPA activity in humans, a summary of
basal HPA axis function is warranted. Despite the extensive research exploring HPA axis
production of cortisol, less is known about the diumal cycle of cortisol. Cortisol and
ACTH are secreted in a pulsatile fashion, having both ultradian and circadian rhythms.

ACTH and F secretion occur in 16-19 rapid bursts of secretion per day. Furthermore, it has
been shown that the secretory pulses of F and ACTH are significantly concordant, with
cortisol pulses lagging very each ACTH secretory burst by about 10 minutes (Smyth et al.,
1997). In adults who are on a typical day/night cycle, peak levels of basal F are produced
during the last hours of night-time sleep (Anders, 1982). This results in high early morning
levels that help sustain energy for action and stimulate the appetite. Recent evidence
suggesits that free F levels increase by 50-75% within the first 30 minutes after awakening
in both men and women (Pruessner et al., 1997), suggesting that waking up in the morning
is a potent stimulus for the HPA axis. Women show larger increases in early morming F
when compared to men (Pruessner et al., 1997). In a study by Van Cauter et al. (1996), that
as young adults, overall plasma F levels are lower in women than in men; however, in men
the protiles of F secretion were characterized by higher and more prolonged early morning
elevations. Interestingly, interindividual variability in the magnitude of the moming

elevation was larger in men than in women (Van Cauter et al., 1996). Born et al. (1995)
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found that men and women had comparable F concentrations throughout the sampling
period employed (16:00-19:00) but basal ACTH concentrations were higher in men than in
women. In general, early morning peak levels decline sharply during the first few hours
after waking and more gradually thereafter with F production increasing again during
sleeping hours (Felig et al., 1995; Weitzman et al., 1971). Basal levels of F follow a
circadian rhythm in healthy adults that is modulated by the timing of normal daily activities
such as napping and meals (de Kloet, 1991). In a study by Smyth et al. (1997) individual
differences in the diurnal cycle of cortisol were examined. They found three distinct
subgroups that could be differentiated based on their rhythm in F: those with a typical
diurnal (declining across the day) rhythm in F, those with no diurnal pattern at all and those
who showed different diumal patterns on each day they were tested. The diurnal cycle was
not related to any demographic or psychological variable that that was examined; clearly this
study emphasizes the need for additional investigations into the mechanisms for the

observed individual differences in F production.
Acute and Chronic Stress-Induced Changes in the Human HPA axis

Acute stressors can potently activate the HPA axis in humans. A study by Amarnio et
al. (1996) examined the F, glucose and prolactin (PRL) response to an examination stress.
Their results indicated that anxiety-provoking situations, such as an immediate anticipation
of an examination increased plasma F, PRL and glucose. Prolactin not only responded to
stress but its response was significantly different between two stressful situations differing
in the amount of anxiety they provoked. By contrast, plasma glucose responses, while
increased in response to the stressor, did not reflect the differences in the anxiety caused by
the various situations. There are, however, discrepancies in the literature on the reliability of
pituitary-adrenal and PRL responses to acute stress in humans. Positive F and PRL
responses have been observed in various psychologically stressful situations (Corenblum

and Taylor, 1981 ; Kemmeretal., 1986; McCann et al., 1993; Meyerhoff et al., 1988; Stahl



and Dorner, 1982). Most negative reports could be partially explained by the temporal
relationship between blood/saliva sampling and the stressful experience. First, Johansson et
al. (1983) observed a significant increase in PRL immediately before an examinaton, witha
rapid return to control levels. Second, other authors did not find any change in F, PRL or
GH during the week of examination (Allen et al., 1985; Malarkey etal., 1991) orin For
PRL after 3 hours of examination (Semple et al., 1988); in contrast significant increases in
F and PRL were found 15-20 minutes after the students had taken the exam (Allen et al.,
1985). Third, whereas no endocrine changes have been observed in parachutists on the
days or hours preceding the jump (Noel et al., 1976), significant increases in anterior
pituitary hormones and F have been demonstrated immediately after the jump (Noel et al.,
1976; Schedlowski et al., 1991). Accordingly salivary F concentrations increases after a
wide range of anxiety-provoking situations, including examinations (Stahl and Dorner,
1982). When the stress is imposed may also be critical: a rise in F in response to mental
stress has been observed during the time of low circulating F, but not when its levels are

high (Holl etal., 1984).

There are also effects of gender that are involved in the response to an acute stress.
In the study by Bomn et al. (1995), there were significant gender effects on the cortisol
response to an injection of CRH. In women the increase in cortisol concentration after the
injection was prolonged and the recovery of basai concentrations appeared to be delayed
(Bornetal., 1995). In fact, sex differences were even more pronounced after the combined

stimulation with CRH/A VP than with CRH alone.

A number of studies have explored natural chronic stressors and cortisol secretion:
repeated parachute jumps, social stress, work stress, death and grieving, combat exposure
and PTSD, unemployment, accident and trauma, and repeated stressors such as repeated
military training, and repeated psychological stress. Deinzer et al. (1997) found that when

individuals did 3 consecutive parachute jumps, adrenocortical responses in response to the
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jumps were significantly higher than many other common stressors. The mean cortisol
increase and peak responses were similar in the first two jumps and were significantly
higher than the F response to the third jump. This is in agreement with numerous other
studies that have reported unchanged F responses to stressors repeated once (Dallman and
Jones, 1973; DeSouza and Van Loon, 1982; Wittersheim et al., 1985). Kirschbaum et al.
(1995) did a study that examined the response to repeated psychological stressors. Male
subjects were each exposed to five times to the same brief psychosocial stressor (public
speaking and mental arithmetic in front of an audience) with one stress session per day.
Cortisol levels were significantly elevated on each of the five days of stressor testing. The
mean F response decreased from day 1 to day 2; however no further attenuation could be

observed on the remaining days.

Job/occupational stress is another chronic stress shown to cause alterations in HPA
activity. Brantley etal. (1988) found elevated urinary cortisol levels in the afternoon on
days with a high number of daily stressors compared to days with a low number of daily
stressors. Caplan et al. (1979) found that greater work demands were associated with lower
Fin the morning but not in the afternoon. These individuals also did not have the expected
decrease in F from morning to afternoon. Elevated F levels were associated with the
assessment of “bad” versus “good” days at work (Lundberg et al., 1989). In contrast
Cummins and Gervitz (1993) did not find any relationship between the number of
undesirable events of a day and evening urinary or salivary F. Lindquist et al. (1995) found
no direct assoctations between perceived stress and blood pressure after allowing for
lifestyle factors in male and female office workers; this was also confirmed in a later study
by Lindquist et al. (1997) which elaborated on the role of lifestyle factors and coping
mechanisms in blood pressure responses to both perceived and actual occupational
stressors. Men reported higher levels of alcohol consumption and unhealthy eating and
lower levels of healthy eating when compared to women’s’ strategies used to cope with

stress. This brings up an important issue about individual variation in stress responding.
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Kirschbaum et al. (1995) describe subjects as being “low” and *“high™ responders (both
in terms of basal and stress-induced HPA function). When subjects are exposed toa
repeated stressor over 5 days, low responders show elevations in F only on the first day of
stressor testing. In contrast, “high responders” display large increases in F in response to
the stressor on each day of testing and do not show any decrement on day 2 of stressor

testing to the same stressor.

In addition to F levels and blood pressure in response to occupational stressors,
several studies have documented an increase in cholesterol levels due to occupational stress,
natural disasters, job loss and academic examinations (Friedman etal., 1958; Trevisanetal.,
1986; Gore, 1978; Kasl et al., 1968; Grundy et al., 1959; O'Donnell et al., 1987; Francis,
1979). More recently, Niaura et al. (1991) examined the lipid and lipoprotein responses to
occupational (tax accountants) and academic (medical students undergoing examinations)
stress. The occupational stress of tax season and the anticipation of final examinations did
not affect lipid, lipoprotein and apolipoprotein levels; the authors explain that perhaps only

large magnitude stressors that are longer term in nature can provoke changes in lipid levels.

While occupational and academic stressors can provoke changes in HPA activity,
blood pressure and lipid levels, the chronic stressor of unemployment has been examined in
the same context. Ockenfels et al. (1995) have shown that individuals who has been
unemployed, on average for 12.5 months, had higher moming and lower evening urinary F
levels when compared to employed subjects. They also examined the salivary cortisol
reactivity to acute daily stressors and found no difference between employed and
unemployed subjects. Ametz et al. (1991) found that unemployed men and women had
higher serum F levels compared to employed subjects. F levels were elevated during the
anticipatory phase of unemployment, returned towards base-line levels during the following

6 months and increased again around the 12-month mark before declining again.
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Social stress has been used as a chronic stressor as well. Sapolsky (1992) has
reviewed the literature on chronic social stress and in general, elevated basal GC levels are
observed in subordinate animals of many species, such as baboons, monkeys, and rats, mice
and tree shrews. This overactivation of HPA activity has been linked to cortcosteroid
receptor downregulation and blunting of feedback efficacy, which is what is usually seen in
clinical depression. In aclever experiment by Hellhammer et al. (1997), army recruits were
examined at the beginning of boot camp training. This allowed for an examination of the
effects of chronic stress and social rank on adrenocortical activity. First, baseline F levels
increased over the first five weeks, suggesting that recruits were under constant stress. This
increase in F was independent of any individual’s rank within the social hierarchy. Undera
psychological stress (public speaking) salivary F levels highly increased in socially
dominant subjects, while only a modest elevation occurred in subordinate men. A similar
phenomenon has been described in rodents: in the Visible Burrow System (Blanchard and
Blanchard, 1990), groups of rats are housed together for two weeks and as a result, a
dominance hierarchy develops. For all rats housed in the VBS, plasma B levels are
significantly elevated when compared to control rats housed in standard laboratory cages.
However, a subgroup of subordinate rats show an impairment in their ability to produce the
charactenistic rise in plasma B when presented with a novel stressor (Blanchard et al., 1993).
The mechanism for these rats’ blunted B response to the novel, heterotypic stress are
reduced levels of CRF mRNA in the PVN, resulting from enhanced inhibitory input to PVN
neurons (via increased GC feedback). In human, this lack of response in subordinate men
may result from a lack of involvement and engagement from the stress (Hellhammeret al.,
1997). Friedman et al. (1963) observed an attenuated 17-OHCS reactivity to an acute
stressor (medication error) in parents of children going thorough a terminal illness.
Soldiers in Vietnam also showed suppression of 17-OHCS levels during anticipation of an

acute stressful period (an impending enemy attack) (Bourne et al., 1968) and post-



52

traumatic-stress-disorder (PTSD) patients show blunted F responses to CRH injections

(Smith et al, 1989).

PTSD is an interesting chronic stressor. Most studies examining PTSD have
demonstrated significant differences in HPA axis parameters in PTSD sufferers compared
to normal controls. Many of the studies performed indicate that individuals with PTSD
show evidence of significantly lower mean 24-hour F levels (Mason et al., 1986; Y ehudah et
al., 1990) when compared to other psychiatric conditions and normal controls. [n contrast,
another group has found that urinary F excretion was significantly higher in combat
veterans with PTSD compared with those veterans without PTSD (Pittman and Orr, 1990).
When subjects are sampled for plasma B every 30 minutes for 24 hours, basal plasma F
was significantly lower, primarily in the late evening and early morning hours of the PTSD
group. Low cortisol in PTSD is consistent with the finding of significantly larger numbers
of GR in lymphocytes (Yechuda et al., 1993). In terms of the response to challenge, PTSD
is commonly associated with an enhanced suppression of cortisol to low doses of DEX and
a blunted ACTH response to CRF challenge (Yehuda et al., 1995). A recentinvestigation
by Lemieux and Coe (1995) reported that women who had suffered childhood sexual abuse
and currently suffered from PTSD showed higher levels of NE, EPI, dopamine and F and
showed a tendency towards obesity. In terms of central changes in PTSD, Bremmer et al.
(1995) found that patients with PTSD had a smaller rnight hippocampal volume when
measured by MRI and this decrease in volume was associated with functional deficits in

verbal memory.

A link between depression and stress is suggested by the association of stressful life
events with the onset of depression (Paykel, 1979) and from observations that changes
occurring in response to chronic stress including increased anxiety, decreased appetite and
libido and increased HPA and sympathetic activity are changes that also occur in depression

(Gold et al., 1986). Stressful events often precede the onset of depression and stress has
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been associated with the severity of the illness (Hammen et al., 1992). Stressful life events
in childhood have been shown to predispose an individual for the development of mood and
anxiety disorders later in life (Arborelius etal., 1999). These early life events may increase
an individual’s vulnerability to stressors later in life by inflicting biological damage and

thus, predispose an individual towards affective pathology.

A compelling number of studies have found several measures that indicate
hyperactivity of the HPA axis in depressed patients (Plotsky et al., 1995). Board et al.
(1956) were the first to find elevations in plasma F concentrations in a majority of patients
with major depressive disorder. This result has been replicated many times. Additionally,
depressed patients show lower DEX suppression: a single dose of DEX (dexamethasone
suppression test or DST) suppresses plasma ACTH, b-endorphin and F concentrations to a
lesser extent and/or for a shorter amount of time in depressed patients. Afteriv
administration of CRF, depressed patients exhibit a blunted ACTH but normal F response
compared to healthy controls (Gold et al., 1986). Further, elevated CSF CRH
concentrations have been found in depressed patients (Nemeroff et al., 1984) and decreased
CREF receptor binding sites have been found in the prefrontal cortex of suicide victims
(Nemeroff et al., 1988). Elevated CRF concentrations and CRF mRNA have been found in
the hypothalamic PVN of depressed patients (Raadsheer et al., 1995).

The link between early life stress and the development of depression later in life has
been well documented in animals (non-human primates, rats) but is less well documented in
humans. However, a number of studies suggest that stressful childhood events have an
impact on the development of depression and anxiety. For example, loss of a parentin
childhood was found to increase the risk for major depression and generalized anxiety
disorder in a retrospective twin study (Kendler etal., 1992). Women who reported having

been physically and/or sexually abused as children had higher scores for both depression
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and anxiety, lower scores of self-esteem and were more likely to have attempted suicide than

those not abused as children (McCauley et al., 1997).
Other physiological functions of GCs

Aside from their numerous effects on intermediary metabolism (described later),
glucocorticoids are ubiquitous as physiological regulators and play a role in differentiation

and development. They are essential for survival and for the adaptive response to stress.
GCs and immunologic and inflammaiory responses.

GCs in excess suppress immunologic and inflammatory responses (Baxter, 1979;
Harbuz and Lightman, 1992; Schobitz et al., 1994). Preincubation of endothelial cells
(which direct the traffic of leukocytes into inflamed and infected areas) with GCs markedly
inhibits the induction of leukocyte movement, which in turn reduced leukocyte binding to
endothelial cells (Cronstein et al., 1992). GC administration is also followed by a decline in
the number of circulating lymphocytes (Claman, 1972). Both T and B-lymphocytes are
depleted. Endogenous GCs induce apoptosis of thymocytes, which may prevent the
appearance of autoaggressive T cells after immune activation (Schobitz et al., 1994).
Pharmacological doses of dexamethasone decrease natural killer cell activity (Holbrook et
al., 1983), and block the proliferation of mitogen-stimulated peripheral blood lymphocytes
(Nowell, 1961). Because cytokines play a key role in the immune response to injury, the
control of cytokine synthesis appears to be a hallmark of GC action. GCs inhibit the
production of numerous cytokines (IL1, IL2, IL6, TNF, prostaglandins, etc...). GCs also
inhibit the induction of nitric oxide (NO) synthase in a number of tissues, thereby
attenuating vasodilation in inflamed tissues. GCs at low concentrations are required,
however, for an optimal biological response. In fact, an analysis of the relationship between
immunological effects and the GC concentration reveals 2 different dose response curves.

First there are effects with the maximal immune response occurring in the absence of
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endogenous GCs (adrenalectomized rats). The higher the GC concentration, the more the

response is suppressed.

Cardiovascular system, bone and calcium metabolism, gastrointestinal tract and adrenal

medulla

In GC-deficient states there is hypotension with decreased responsiveness to
pressor stimuli and decreased cardiac output. In GC excess states there is hypertension.
GC excess can ultimately lead to osteoporosis by decreasing bone accretion and increase
bone resorption, resulting in an overall loss of bone mineral (Felig etal., 1995). GCs at
high doses inhibit DNA synthesis in gastric but not jejunal mucosa and increase the
incidence of gastric ulceration (Felig et al., 1995). Finally, the adrenal medulla receives
adrenocortical venous effluent and thus is exposed to much higher cortisol concentrations
than are other tissues. GCs affect adrenal chrommafin cell charactenistics and the
catecholamine biosynthetic pathway. They regulate phenylethanolamine (PNMT), tyrosine

hydroxylase (TH) and dopamine B-hydroxylase activities.
Growth, development and reproductive function

GCs in excess inhibit linear growth and also inhibit skeletal maturation (Baxter,
1978). GCs also inhibit growth and cell division in a number of individual tissues. There
are, however, vaniations in sensitivity: ina growing rat, liver, heart, muscle and kidney are
more sensitive than gastric and jejunal mucosa, spleen, brain and testis (Loeb, 1976). In
vitro, GCs can either stimulate or inhibit cell division; stimulation may occur by a steroid-
induced augmentation of the actions of growth factors such as fibroblast growth factor and
IGF-1 (Conover et al., 1985). Conversely, inhibition could be due to actions of the steroid
blocking growth factor production and/or action or due to other inhibitory actions of GCs
on the cell. GCs inhibit growth hormone, but this action probably does not explain the
growth-inhibiting effects of the steroid, since they are not overcome by the administration of

GH. GCsin general, tend to affect the timing and rate of cellular differentiation, but not the
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sequence of developmental events (Felig et al., 1995) and GC sensitivity during
development varies tremendously. GCs generally inhibit reproductive function by inhibiting
LH release and in turn, suppressing testosterone production. In females, GCs also suppress
basal and gonadotropin releasing hormone-stimulated LH levels, plasma estrogen and

progestin concentrations, ovulation and the onset of puberty (Novotny et al., 1986).
Synergistic and antagonistic interrelations between GCs and other hormones.
Insulin resistance and the relationship to GCs.

Himsworth (1936) was one of the first to remark that a large number of his patients
with diabetes were “insulin insensitive™; based on this he suggested that his patients be
divided into 2 categories- insulin sensitive and insulin insensitive. These distinctions later
became known as insulin-dependent (IDM) and non-insulin dependent diabetes (NIDDM).
One major hallmark of NIDDM is some degree of insulin resistance, which is an
impairment of insulin-mediated uptake of glucose by tissues, predominantly muscle
(Reaven, 1988; 1995). Kahn (1978) defines insulin resistance as existing whenever normal
concentrations of hormone produce a less than normal biological response. Three main
mechanisms have been proposed to contribute to insulin resistance: alteration of insulin-
stimulated glucose transport, inhibition of intracellular glucose metabolism or impaired
insulin-induced increase in muscle blood flow (Tappy et al., 1994). Numerous conditions

of insulin resistance have been proposed.

Insulin resistance is characteristically associated with truncal obesity, glucose
intolerance, hypertension, dyslipidaemia, disorders of blood coagulation and accelerated
atherosclerosis (metabolic svndrome or Syndrome X) (Goke, 1998). Substantial evidence
suggests that diets high in fat lead to major impairments in insulin action (Storlien et al.,
1996). Skeletal muscle insulin action deteriorates under conditions when triglyceride
supply is high. In conditions like obesity and increased dietary fat consumption, there are

elevations in free fatty acids (FFA). An increased supply of FFA to the liver prevents the
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binding of insulin to its receptor and can be considered as one of the factors leading to
insulin resistance (Brindley, 1992). This increased supply often exceeds the rate of beta-
oxidation and the excess fatty acids are often esterified to triacylglycerol and ultimately
secreted from the liver as very low density lipoproteins (vLDL)(Brindley, 1995). Kolterman
et al. (1980) reported a predominant insulin postreceptor defect in both liver and peripheral
tissues in obese states. In obese subjects, increased upper body fat has been shown to be
associated with reduced glucose tolerance, hyperinsulinemia and hypertriglyceridemia
(Bjomtorp, 1996). Conversely, significant weight reduction is associated with major

improvements in insulin sensitivity.

Not surprisingly, a number of endocrine conditions are associated with insulin
resistance. Glucagon, as a counter-regulatory hormone protecting against hypoglycemia,
opposed insulin action on hepatic glucose metabolism (Ferrannini et al., 1982).
Noradrenaline impedes both insulin-mediated glucose uptake and suppression of lypolisis
(breakdown of triglycerides) (Lembo et al., 1994). Physiological concentrations of growth
hormone (GH) have been shown to enhance lipolysis and ketogenesis, thus antagonizing
the effects of insulin (Gerich et al., 1976). Similar findings have been reported in studies on

the effects of the adrenal GCs.

GCs exert profound effects on glucose homeostasis under both normal and
pathological conditions. During periods of fasting, cortisol, in concert with other
counterregulatory hormones, participates in the maintenance of blood glucose levels by
decreasing utilization and increasing production of glucose (Boyle etal., 1991). Stress
hormones generally antagonize the actions of insulin (Brindley and Rolland, 1989). Insulin
promotes the uptake of glucose by muscle and adipose tissue and simulates subsequent
glycolysis (the breakdown of glucose into pyruvate) (Brindley, 1995). Cortisol produces an
insulin resistance in tissues within a few hours and it inhibits insulin-mediated glucose

uptake. Cortisol also stimulates hepatic gluconeogenesis, thus increasing glucose
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concentrations and opposing the actions of insulin (Brindley, 1995). Part of the substrate
provision for gluconeogenesis is supplied by the transport of amino acids from muscles.
Cortisol increases the breakdown of protein, glycogen and triacylglycerol in muscle while
insulin has the opposite effect. Similarly, insulin is able to decrease lipolysis in adipose
tissue, thus decreasing the supply of non-esterified fatty acids (NEFA) and glycerol to the
liver. Cortisol increases glycerol release from adipose tissue by producing insulin

resistance.

Cortisol is also an important component in increasing very low-density lipoprotein
(vLDL) secretion (Brindley, 1995). This has atherogenic implications, since vLLDL is
metabolized into intermediate and low-density lipoproteins (IDL and LDL). High
concentrations of insulin can normally antagonize the stimulatory effects of cortisol on
vLDL secretion (Brindley and Salter, 1991); in insulin resistant states, however, the lack of
suppression by insulin coupled with increased fatty acid supply is likely to contribute to
hypertriglyceridemia. The clearance of IDL and vLDL rely primarily on hepatic LDL
receptors. Expression of this receptor and the degradation of LDL is increased by insulin
and decreased by cortisol (Brindley and Salter, 1991). Consequently, the increased action

of cortisol relative to insulin can potentially produce a hypercholesterolemia.

Another source may be an increased fatty acid synthesis in the liver through the
combined effects of insulin and cortisol (i.e. synergism). Cortisol facilitates the actions of
insulin in stimulating the synthesis of fatty acids (Al-Sieni et al., 1989) and glycogen and
the activity of lipoprotein lipase in adipose tissue (Speake et al., 1986). Taken together,
these reactions are involved in energy deposition in the body (the simultaneous release of
cortisol and insulin after a meal in humans is probably a signal for energy deposition
(Brindley and Rolland, 1989). Thus, there appears to be two general types of interaction
between insulin and the GCs. When insulin availability is low, GCs have a catabolic effect

in the body and antagonize insulin’s actions. When insulin actions are high, GCs have a
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general anabolic effect leading to the deposition of energy, increased weight and possibly
obesity. In terms of their roles in food intake, Strack et al (1995) showed that GCs and
insulin are reciprocal signals for energy balance. The hormones serve opposite roles in the
central nervous system, where GCs stimulate and insulin inhibits food intake, and in the

periphery, where GCs inhibit and insulin stimulates overall energy storage.

Glucocorticoids and Feeding

Normal Feeding Cycles

In the normal weight rat, total daily caloric intake is tightly regulated and maintained
within a narrow range (Anderson, 1988; Le Magnen, 1992). Thisis evidenced behaviorally
by the ability of animals to adjust the amount of calories consumed after dilution or
concentration of the diet, so that a constant daily caloric intake is maintained (Le Magnen,
1992). Depending on the requirements, consumption leads to oxidative metabolism for
immediate use and/or storage in the body for later utilization. The daily rhythm in energy
balance in the rat is generally characterized by a positive energy state during the active
period (dark cycle) when there is increased intake and storage of nutrients (Armstrong,
1980; Le Magnen, 1981) and energy storage is accomplished by increased synthesis of
protein, glycogen and fat under the control of insulin (Dallman etal. 1993). The negative
energy state develops over the course of the inactive period (light cycle) and involves litite
eating and continued breakdown and utilization of nutnient stores. However, atany time
during the 24-hour day, restriction of access to an external energy source, stress or other
manipulations can override the circadian rhythms in endocrine activity (Dallman etal.,
1993), generated by the suprachiasmatic nucleus (SCN). Conversely, the daily rhythm in
feeding, can be reversed by infusions of insulin during the day and infusions of epinephrine
during the night, when there is ad-lib access to food (Bray et al., 1989; Bray etal., 1990; Le
Magnen, 1992).
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Nutrient ingestion and metabolism are not uniformly distributed across the 12-hour
feeding period in the rat. Feeding is characterized by a bimodal distribution, with peaks
during the initial and final 3-4 hours of the dark period (Armstrong, 1980; Le Magnen,
1981; Johnson et al., 1986). These bouts of feeding have different charactenistics and are

associated with different metabolic processes (Tempel and Leibowitz, 1994).
a) Intake and metabolism of protein:

In rats and humans, protein intake is maintained at a constant 10-20% of total calonic
intake regardless of the protein concentration of the diet (Johnson et al., 1986; De Castro,
1987). In animals on pure macronutrient diets, the ingestion of protein remains fairly
constant across the active feeding period, exhibiting a small increase towards the latter
portion of the night. (Tempel and Leibowitz., 1989; Shor-Posner et al., 1991; Shor-Posner
etal., 1994). Protein consumed in the diet is enzymatically hydrolyzed in the alimentary
tract and passes into the blood as free amino acids that mingle with amino acids coming
from the tissues (Felig et al., 1995). Amino acids are absorbed and incorporated into
muscle tissue. While some body protein breakdown and replenishment may occur
throughout the day, absolute protein stores remain relatively stable, with only small amounts
of ingested protein geared towards storage and any excess eliminated as urinary nitrogen

(Feligetal., 1995).

b) Intake and metabolism of carbohydrate

The maintenance of carbohydrate stores is critical towards the end of the lighvdark
cycle (the end of the inactive period), when nutrient reserves are at their nadir, and energy
demands are rapidly increasing (Armstrong, 1980; Le Magnen, 1981). Storage and
ingestion of carbohydrates exhibit dramatic fluctuations across the day. Glucose is stored

as glycogen, pnmarily in the liver, muscle and brain, and these glycogen stores are mostly
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small, short-term stores used primarily to maintain blood glucose levels (Le Magnen, 1992).
Thus they fluctuate widely across the day, from a state of near depletion prior to the
initiation of the feeding cycle, to full restoration in the second half of this cycle when
glucose levels tend to rise. When given a choice of foods, normal weight animals as well as
humans, select a diet rich in carbohydrates, at the start of the feeding cycle (Shor-Posner et
al., 1991, 1994). In rats the first meal of this cycle may contain between 40-50% (and as
much as 100%) carbohydrate, and the carbohydrate consumed during the first few hours of
the nocturnal period may account for up to S0% of the animals total daily intake (Tempel
and Leibowitz, 1994).

At this point in the cycle, the organism is prepared to absorb, metabolize and store
carbohydrates, at the same time as the peak in pancreatic insulin release, glucose absorption
and tolerance and glycogenic enzyme activity in the liver (Anderson, 1980; Van Cauteretal.,
1989). Glycogenolysis and gluconeogenesis in the liver raises blood glucose levels for
immediate oxidation during this first period of increased activity. Then with a further rise in
glucose availability, it allows liver glycogenesis to replenish carbohydrate stores geared for
future use (Abbot et al., 1988; Van Cauter et al., 1989). Carbohydrate consumption then
drops after the first few hours and the final meals of the cycle are primarily fat and protein.
Moreover, since liver glycogen and adipose tissue stores are replenished, the bout of late
feeding is geared towards filling the stomach where it can be stored for several hours before

being used (Armstrong et al., 1978; Strubbe et al., 1986).
c) Intake and metabolism of fat

Dietary fats are slowly absorbed from the gut. Rather than being immediately
oxidized, they are taken up and stored in adipose tissue, the largest fuel store of the body.
Fat is most strongly preferred, in both animals and humans, during the middle to late hours
(De Castro, 1987; Shor-Posner et al., 1991), and a sharp rise in fat ingestion can be seen
between the third and sixth hour of the feeding cycle. The anticipatory nature of the feeding
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during these later hours, when the body’s nutrient stores are almost replenished, provides
nutrients for storage in the gastrointestinal tract, which retains the food for several hours and

supplies the nutrients to be utilized during the early hours of the inactive period.

When stomach stores are exhausted, the body’s own reserves of fat, carbohydrate
and to a lesser extent, protein, are called upon, broken down and utilized to meet energy
requirements. During the middle and later periods of the light cycle, essential nutrients are
obtained primarily from lipolysis in adipose tissue. The breakdown of fat stores releases
free fatty acids (FFA) into the blood, which can be used as an energy substrate by most
tissues of the body except the brain (Felig, 1995). Lipolysis also releases glycerol, which

can be used by the liver for gluconeogenesis.
Effects of Glucocorticoids on Metabolism

Glucocorticoids were named for their glucose-regulating properties and have
extensive influences on carbohydrate, lipid, protein and nucleic acid metabolism. Although
these steroids are secondary to insulin in regulating glucose metabolism in humans, they
influence blood sugar levels and play a protective role against glucose deprivation (Felig et
al., 1995). The latter role provides an excellent conceptual framework for considering many
of the coordinated actions of the GCs on carbohydrate, lipid, protein and nucleic acid

metabolism.
Carbohydrate Metabolism

GCS increase glucose production by enhancing hepatic gluconeogenesis, by
releasing gluconeogenic substrate from peripheral tissues, by enhancing the ability of other
hormones to stimulate gluconeogenesis (Steele, 1975; Exton, 1979; Margolis and Cumow,
1983) and decrease glucose transport (Horner et al., 1990; Leighton et al., 1991; Virgin et
al., 1991). Infed, ADX-ed animals, basal gluconeogenesis is not impaired but there is an

impaired response to glycagon or catecholamines. In fasted or diabetic animals, ADX
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results in a net reduction in hepatic gluconeogenesis, which is reversible with corticosterone
administration (Dallman et al., 1994). Thus GCs are required to maintain gluconeogenesis

in fasting and insulin deficiency.

Essentially every step in the gluconeogenic pathway is influenced by GCs. They
increase total hepatic protein synthesis and increase several of the transaminases, especially
alanine aminotransferase (Felig et al., 1995). These steroids also increase the activity of
phosphoenolpyruvate carboxykinase (PEPCK) and possibly glucose-6-phosphatase
(Coufalik and Monder, 1981). GCs also play a permissive role by increasing the sensitivity
of the liver to the gluconeogenic actions of glucagon and the catecholamines. Bilateral
adrenalectomy has long been known to impair an animal’s ability to maintain normal
glucose homeostasis under prolonged starvation (Hers, 1985). Perfused muscle from adx
rats shows a net decrease in the release of amino acids, which is reversed by GCs. The
steroids decrease protein synthesis and can increase protein breakdown in several tissues
such as muscle, adipose and lymphoid, resulting in an increased release of amino acids

(Feligetal., 1995).

GCs also increase gluconeogenic substrates by increasing glycerol release from fat
cells (by stimulating lipolysis) and lactate release from muscle. Lipolysis also provides free
fatty acids, which cannot themselves contribute to a net increase in gluconeogenesis but can
provide energy for gluconeogenesis and spare other substrate that can be converted into

glucose.

GCs also inhibit glucose uptake and metabolism in peripheral tissues. Thereis a
direct inhibition of glucose uptake in adipose tissue (Fain, 1979), fibroblasts (Carter-Su and
Okamado, 1985), certain lymphoid cells and fat cells (Munck, 1979; Fain, 1979). Two
recent reports suggest that GCs may do the same in the brain. In numerous brain regions,

adx increased and GCs decreased local cerebral glucose utilization (Kadekaro et al., 1988).



Homer et al. (1990) have shown that GCs inhibited 25% of glucose transport in
hippocampal neurons and glia.

Lipid metabolism

GCs increase lypolisis and plasma free fatty acid levels (Tomas et al., 1979; Fain,
1979; Gaca and Bernend, 1974). Lipolysis and FFA release are increased by the GC-
induced decrease in glucose uptake and metabolism that reduces the glycerol production
necessary for reesterification of fatty acids. The steroids also stimulate lipolysis by
increasing the efficiency of other lipolytic factors, such as catecholamines. The increase in
free fatty acid release and the possible augmentation of hepatic conversion of FFAs to
ketones by GCs cause a tendency to ketosis. GCs can also cause increases in very low-
density lipoproteins (vLDL), LDL and HDL, with consequent elevations of total triglyceride
and cholesterol levels (Felig et al., 1995).

Protein and nucleic acid metabolism

GC:s affect protein synthesis and breakdown (Loeb, 1976; Baxter, 1978). The
steroid stimulates protein synthesis in the liver, inhibits synthesis and stimulates breakdown
in many peripheral tissues such as muscle, skin, adipose, lymph node and fibroblast. This
pattern may reflect the body’s need to provide substrate for hepatic gluconeogenesis from
“less essential™ tissues, such as muscle, and to decrease substrate utilization while sparing

certain other tissues (like the brain and heart).
Effects of Glucocorticoids on Food Intake and Body Weight

The HPA axis exhibits a strong diurnal rhythm, with peak activity occurring at the
start of the active period, the dark phase for rats and light phase for humans (Krieger, 1979).
This peak in circulating B levels at the onset of activity is preceded by a 3-4 hour period
involving increased CRF gene expression and peptide levels in the paraventricular nucleus

(PVN) of the hypothalamus, followed by a rise in pituitary ACTH release (Krieger, 1979;
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Dallman, 1984; Dallman et al., 1987; Kwak et al., 1992). This rhythm is controlled, in part,
by the feedback actions of B, on both type 1 and 2 receptors (Keller-Wood and Dallman,
1984; Gustafson et al., 1987; Sawchenko, 1987; Spencer et al., 1990; De Kloet, 1991), and
itinvolves additional brain areas, including the SCN and hippocampus (Makara et al., 1981;
1986; Sapolsky et al., 1990; Jacobson and Sapolsky, 1991; Herman et al., 1993; Spencer et
al., 1993). The feeding process itself has a major role in determining the endogenous
rhythms of HPA activity (Krieger, 1979; Honma et al., 1983; Honmaet al., 1984; Dallman
etal., 1987). This peak in B serves an activational purpose: at a time of low energy stores
and increased risk, it prepares the organism for physical activity and enhanced vigilance

during the awake cycle (Miller et al., 1990).

In both humans and rats, there is an anticipatory increase in ACTH and
corticosteroid secretion that precedes the onset of the daily feeding cycle (Knieger et al.,
1971; Quigley and Yen, 1979; Brandenberger et al., 1982; Follenius et al., 1992; Honma et
al., 1992; Bligh etal., 1993). When light cycles are shifted with feeding permitted ad lib
(light: dark period reversal), the feeding, adrenocortical and other endogenous rhythms
reverse (Dallman et al., 1994). Exposure of rats to constant dark results in free-running
rhythms in feeding and plasma B, whereas exposure to constant light causes both feeding
and B to become arrhythmic (Morimoto et al., 1977). Rats also secrete B after beginning to
eat under ad lib feeding conditions (Dallman et al., 1994). In cannulated rats which were
sampled for B at regular intervals, particularly in the hours just before and after lights out,
secretory episodes of B were best correlated with eating associated activity (Shiraishe, 1984,
Hiroshige et al., 1986). In those studies a sharp peak in B followed the onset of a meal by
15 minutes, similar to the timing of the meal-associated cortisol response observed in
humans. In rats fasted for 24 hours, Dallman’s group confirmed that provision of food
elicited rapid increases in plasma B as well as glucose and insulin (Dallman et al., 1989). In

rats fasted for 1.5 hours in the AM and then trained to eat a 4 gram test meal within 3.5



minutes, Steffens et al. (1986) showed that glucose, insulin, epinephrine and FFA

concentrations all rose at the onset of a meal.

Adrenalectomized rats eat with a normal or exaggerated nocturnal rhythm (Bellinger,
1979); however, when fed standard lab chow, their total daily food intake is reduced (by
approximately 20-30% in calories) and they gain weight more slowly than intact rats with
adrenals (Cohn et al., 1955; Bray et al., 1990). Provision of B in very low doses (steady-
state B up to approximately 3 ug/dl) to adx rats restores feeding to normal (Dallman et al.,
1989). Because the circulating levels of B required to restore feeding to normal are so low,
one can assume that the effect is mediated by association of the steroid with the high affinity
type 1 corticosteroid receptor (King, 1988). In rats fed ad libitum, there is some debate over
the effects of ADX on macronutrient preference and calorie intake. Leibowitz’s group has
shown that in ADX rats fed pure macronutrient diets, the consumption of carbohydrate and
fat is most dramatically and consistently reduced, although a predominant effect on fat
intake may occur in obese rats with a strong preference for this nutrient (Castonguay et al.,
1984) and variable changes in protein intake can be seen (Bligh et al., 1993).
Adrenalectomy disrupts carbohydrate as well as fat and protein metabolism. It produces a
severe depletion of glycogen stores and decreased fat deposition, and under conditions of
food restriction and stress, it leads to an inability to mobilize fat and protein reserves for
maintaining essential carbohydrate nutrients (Seyle, 1936; Margolis and Curnow, 1983,

Fossetal., 1987; Blighetal., 1993, Bray et al., 1992).

Leibowitz and colleagues have tested the effects of systemic injections or implants
of crystalline steroids over the PVN at the time of lights out on calorie intake and
macronutrient preference during the succeeding 60 minutes in adx and intact rats (Tempel
and Leibowitz, 1989). In intact rats, aldosterone (a type 1 corticosteroid receptor agonist)
caused increased calorie and fat consumption, whereas B and the type 2 receptor agonist,

RU28362 and dexamethasone had no effects when administered either systemically or
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directly over the PVN. In adx rats, B, aldosterone and RU28362 administered by both
routes, significantly increased carbohydrate consumption, whereas only aldosterone
increased consumption of fat (Tempel et al., 1992). These results suggest, again, that the
first meal intact rats take in at night (at the time of peak basal B levels) is predominantly

composed of carbohydrate.

The question of the long-term effects of ADX remains. The major effect across
days and weeks of both B and aldosterone administration is to normalize food intake and to
restore fat intake and it’s deposition (Kumar et al., 1988; Castonguay, 1991; Devenport et
al., 1991). Treatment with dexamethasone or RU2862 did not restore food intake or body
weight of ADX-ed rats to normal (Devenport and Stith, 1992). The discrepancy between
single, acute injections of type 2 agonists and chronic administration of these on feeding
may reside in the apparent inhibition of eating by insulin. A single injection of a type 2
agonist could act on feeding before the time it takes to induce elevation in insulin levels.
Devenport and Thomas (1990) tested daily macronutrient preferences in sham
adrenalectomized and adx rats with or without infusion of aldosterone (25 or 125
ug/kg/day). The low dose of ALDO restored intake, body weight gain, and food efficiency
to normal in adx rats. Adrenalectomized rats decreased fat intake by 60% and carbohydrate

intake by 25% compared with intact rats and ALDO restored these to normal.

Replacement studies in adx animals indicate that the impact of B administration is
greatly determined by dose. Twenty-four hour caloric intake and body weight gain can be
restored by low, chronic doses of B which raise blood levels to 1-2ug% (Kumar et al.,
1988; Devenport et al., 1991). These low B levels also promote the deposition of fat
(Steele, 1975; Fain and Czhech, 1975; Bray et al., 1990; Felig etal., 1995). However, they
are insufficient in restoring the initial carbohydrate meals of the feeding cycle (Kumar etal