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Overview

What are the causes of the decreased ability to respond to stress in old
age? One among many hypotheses focuses on the hypothalamopituitary-
adrenal axis as a key regulator of homeostasis and adaptation; however,
other organs, such as the lungs, kidneys, liver and gut are also involved.
Maintenance of homeostasis involves a complex series of integrative func-
tions in which almost all body organs and systems participate, albeit in
varying degrees. Thus, homeostatic competence provides a ‘panoramic
view" of overall physiological performance and explains the current inter-
est among physiologists to identify the control mechanisms involved in
this integrated activity.

Under resting (basal) conditions few changes occur in hypothalamopi-
tuitary-adrenal function with increasing age. Similarly, fasting blood sugar
levels remain constant throughout the life span and the blood acidity and
bicarbonate content are closely regulated, even into advanced age. In con-
trast, the rate at which the body is able to readjust and return to normal
resting values after the experimental alteration of blood sugar, bicarbon-
ate, or a stress situation stimulating adrenal response is much slower in old
subjects than in young. As functional performance declines with increasing
age and as pathological events accumulate and become more severe, the
capacity of the organism to synchronize defensive and homeostatic mech-
anisms is concomitantly impaired. Thus, the failure of the elderly to adapt
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to internal and external environmental changes reflects more the inability
to purposefully coordinate several functions involved in supporting ho-
meostasis than the failure of any single function (although the failure of
one may provide a trigger) [1, 2].

Evidence of decreased resistance to environmental changes accompa-
nying the aging process is plentiful and the increased risk of death follow-
ing stress in the elderly is acknowledged. Older people are less resistant
than younger subjects to excessively cold or warm temperatures due to the
progressive deterioration of thermoregulatory mechanisms. Equally di-
minished is the capacity to adapt to hypoxia, traumatic injury, exercise,
and physical work, all types of stress that require complex physiological
adjustments. For example, the ability to carry out physical work involves
competence of numerous functions, such as oxygen uptake by the lungs
and/or tissues, pulmonary ventilation, diffusing capacity of lungs, cardiac
work, pulse rate, and production and elimination of blood lactate. Altera-
tion in any of these factors or their interrelation will result in a marked
decrease in work capacity and a significant increase in the time for recov-
ery from exercise. Emotional stress in the old may also trigger or aggravate
a series of physical ailments that, superimposed on an already debilitated
state, would lead to disease and death.

Some of the aging changes of the adrenal cortex and medulla and those
in the nervous system may be responsible for the decline in adaptive capa-
bility. Stressful stimuli activate both the hypothalamopituitary-adrenocor-
tical and sympathoadrenal systems which coordinate physiological reac-
tions to maintain homeostasis. This coordination is through a series of
neuroendocrine signals which involve various hormones and brain centers.
Aging disrupts the synchrony of these signals: the capacity to restore the
original homeostasis is altered and the hypothalamus is unable to undergo
the major remodeling of its circuitry necessary for adaptation [3].

The role of the hypothalamopituitary-adrenal system in adaptive
responses was first emphasized by Cannon [4] for the adrenal medulla and
by Selye and Prioreschi [5] for the adrenal cortex. This role has been both
supported and criticized by many investigators and continues 1o be con-
troversial, However, only recently have advances in neuroendocrinologic
knowledge and techniques established more solid cellular and molecular
bases for these views. For example, at the cellular level, abnormalities of
protein metabolism with stress have been implicated as contributing to the
degenerative changes leading to the pathology of dementias; at the molec-
ular level, loss of glucocorticoid receptors in selected brain neurons may
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release the hypothalamopituitary-adrenocortical system from the inhibi-
tory action of limbic structures with consequent failure to adapt [6]. We
shall be considering in this review the relationship between glucocorticoid
receptors, stress and aging.

Glucocorticoid Receptors — Regional Distribution and Characteristics

Glucocorticoids such as cortisol and corticosterone have a multitude
of effects within the body. They generate appropriate physiological (meta-
bolic) adjustments necessary for the responses to stress [7]. The major
effects of glucocorticoids, in response to stress and environmental insults,
are to reduce inflammation, stabilize blood glucose, maintain muscle
strength, and promote fluid excretion. These hormones are secreted from
the adrenal cortices under the control of the brain via pituitary, hypothal-
amus and limbic system. Various environmental and psychological stimuli
activate the release of corticotropin-releasing hormone (CRH) from the
hypothalamus, CRH in turn stimulates the pituitary adrenocorticotropic
hormone (ACTH) which regulates the secretion of glucocorticoids from the
adrenal gland [8]. Glucocorticoids are involved in defense mechanisms to
stress, both at central and peripheral levels. These effects, turning on and
off of the adrenal-pituitary axis are mediated through pituitary, hypothal-
amus and limbic brain regions (fig. 1).

The glucocorticoid receptors are located in most target tissues. High-
affinity glucocorticoid receptors have been demonstrated in different brain
regions [9-11]. The highest concentrations of glucocorticoid receptors are
present in the hippocampus (fig. 2). Due to the presence of high level of
glucocorticoid receptors, the hippocampus is believed to be a mediator of
glucocorticoid effects on the brain. It is referred to as a ‘window’ through
which glucocorticoids modulate such complex activities of central nervous
system (CNS) as mood, motivation and learned behaviors [12]. The pres-
ence of glucocorticoid receptors in CNS supports the role of glucocorti-
coids in switching on and off the stress responses through negative feed-
back [13]. Glucocorticoid effects on the brain are highly diversified: they
influence monoamines, neuropeptides and amino acid transmitters at the
molecular level, induce cell loss at the cellular level, increase excitability
and altered behavior at the functional level. These functional, cellular and
molecular changes$ occur throughout development, adulthood and aging of
organisms.
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Fig. 1. Schematic representation of the postulated mechanisms of stressors on target
tissues. Stressors act on the higher central nervous system (CNS) centers through mecha-
nisms still unknown (?). Stressors may also act directly on the target tissues. Stimulation
of CNS centers is relaved to the limbic system, particularly the hippocampus and from
there to the hypothalamus, In the hypothalamus, synthesis and release of CRH are
increased and the hormone through the portal system stimulates the anterior pituitary Lo
increase ACTH production. ACTH. in turn, stimulates the adrenal cortex to produce
more corticosteroids, which then act on target tissues. Simultaneously with the activation
of the hypothalamopituitary-adrenal axis, there is also a sympathetic activation of cate-
cholamine release {rom the adrenal medulla. The overall responsiveness of this complex
neuroendocrine system to stressors also depends on the presence of negative feedbacks
(---). Such feedbacks exist between steroid-pituitary, steroid-hypothalamus and steroid-
limbic systems. The responses of target tissues may also be modulated by negative feed-
backs either directly en the adrenal or CNS.
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Fig. 2. Saturable cytosolic-specific binding of [ H]dexamethasone ([*H]dex) in hypo-
thalamus (Hypo). hippocampus (Hippo). caudate nucleus (CN), cerebellum (CB) and
cerebral cortex (CC) of 3- ([]) and 26-week-old ({74) adrenalectomized Long-Evans male
rats. Results are mean + SD of the 4-5 samples collected from 4-5 rats of each age group.
Note that at both ages the number of binding sites is highest in the hippocampus. The
binding sites decrease with age (20-30%) in all the brain areas [38].

In vitro binding studies have revealed at least two classes of cortico-
steroid receptors: type | (mineralocorticoids) and type 2 (glucocorticoids).
They differ in affinity (Ky) and specificity for certain synthetic and natu-
rally occurring corticosteroids [10]. The physical characteristics of neural
glucocorticoid receptors have been examined in several studies. Using
[*H]dexamethasone, a synthetic glucocorticoid, as a ligand. most investi-
gators have reported equilibrium dissociation constant (Ky) of 2-10 nAf
[14-16] and sedimentation coefficient of 6-8 S depending on the experi-
mental conditions [14, 15]. Isoelectric focusing studies have demonstrated
the existence of a single class of dexamethasone receptors with a pl of 6.1
[15, 16]. Brain glucocorticoid receptors display most of the kinetic proper-
ties similar to those of the receptors present in other tissues such as liver,
kidney and thymus [11]. These intracellular receptors upon binding to
hormones are activated prior 1o binding to nuclear acceptor sites. The
activation of steroid-receptor complexes has been described as a not well-
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defined, conformational change which enables the complexes to interact
with specific acceptor sites on chromatin and modulate gene expression
[17]. This nuclear binding capacity can be achieved in vitro by incubating
the hormone-receptor complexes at 25 °C [18, 19] and under high ionic
conditions [20]. Such phenomena are achieved possibly by exposure of
positively changed amino acid residues on the surface of the receptor mol-
ecule, which in turn enhances the affinity for nuclei and polyanions such as
DNA and DNA-cellulose [21]. The activation of glucocorticoid receptors
occurs in vivo under physiological conditions and is thought to be rate-
limiting for nuclear binding [22, 23].

Changes in Glucocorticoid Receptors during Development:
Correlations with Adaptive Responsiveness to Stress

Adaptive responses to hormones are age-related phenomena as are
changes in induction of many enzymes [24]. These hormone-mediated
responses are controlled by binding of the hormone to specific intracellular
receptors, by activation of hormone receptor complexes and interaction of
these complexes to nuclear acceptor sites. Many of these events are altered
with age [25, 26]. In the rat brain, glucocorticoid receptors are detectable
as early as the 17th day of gestation. After birth, the receptor binding
capacity gradually increases to adult levels by 15-30 days of age [27-29]; it
also undergoes changes in physicochemical properties [26, 30, 31], which
may account, at least in part, for changes with age in tissue responsiveness
to glucocorticoids [32]. For example. nuclear transfer of bound hormone
receptor complexes reaches mature levels only after the postnatal day 10 in
the pituitary of rats. The reduced transfer of hormone receptor complexes
to nuclei is correlated with the nonresponsive period o stress in neonatal
rats [33]. We have observed a reduced heat activation of [*H]-dexametha-
sone receptor complexes in the cerebral hemispheres of adult rats as com-
pared to weanling rats [34].

The postnatal rise in the brain glucocorticoid receptors of rats during
the 2nd week of life has been correlated with a low adrenocortical response
to stress [35]. This period of adrenocortical unresponsiveness has been
termed a ‘stress-nonresponsive period’. The neonatal rats are less sensitive
not only to the stimulatory effects of stress, but also to the inhibitory
effects of circulating corticosterone. Administration of dexamethasone
does not suppress circulating corticosterone titers in neonates, while it
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does in adult rats [35]. In adult animals both corticosterone and dexameth-
asone inhibit subsequent adrenocortical secretion. The stress nonrespon-
sive period has shown adaptive value on the development of central ner-
vous system since high or low levels of corticosteroids are associated with
abnormal neural and behavioral growth. The neonatal adrenocortical
activity corresponds to the unique pattern of glucocorticoid receptor con-
centrations that exist in the brain and pituitary at these phases of the life
span: this low, stable corticoid level appears suitable for neuronal develop-
ment in glucocorticoid-sensitive brain regions [35].

Changes in Glucocorticoid Receptors during Aging:
Correlations with Adaptive Responsiveness to Stress

Glucocorticoid binding sites have been reported to decline in the cere-
bral hemispheres of aged (24 months) rats [36], and in isolated neuronal
perikarya from the cerebral cortex of aged Sprague-Dawley rats as com-
pared to young rats [37]. [*H]dexamethasone binding sites decrease by
20-30% in different brain regions of adult male Long-Evans rats as com-
pared to weanling rats (fig. 2) [38]. In contrast, in C57/6] mice, the corti-
costerone binding sites in the cytosol of hypothalamus, hippocampus or
cortex remain unchanged with senescence [39]. Likewise, the number of
glucocorticoid binding sites was low in the hippocampus but not in other
cortical brain regions of older rats [40]. A site-specific decrease in cortico-
sterone binding was observed in the brain of aged rats [41]. In these stud-
ies, age-dependent decrease in receptors were marked in the hippocampus
and amygdala but not in the hypothalamus, cortex and midbrain. These
authors further established that the reduction in hippocampal receptors
was due to decreased number of corticosterone-concentrating neurons as
determined by autoradiography [42]. Glial and other cell uptake of [*H]-
dexamethasone was not depressed in aging hippocampus [41]. The loss of
hippocampal glucocorticoid receptors has been well correlated with the
loss of hippocampal neuronal population in discrete subfields of Ammon’s
horn as a function of age [6]. These neuronal losses in aged animals have
been associated with the increased glucocorticoids with age as demon-
strated first in the hippocampus of guinea pigs [43]. Daily subcutaneous
injection of corticosterone over 3 months led to loss of [*H]dexamethasone
receptor binding sites in vitro and neuronal loss in specific areas of
Ammon’s horn [6]. The regulation of brain corticosteroid receptors during
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aging seems to be a multifactorial process. The levels of glucocorticoid
binding sites in neural tissues are controlled by several factors in addition
to age. These factors include neural innervation [44], neurotransmitler
activities [45, 46], and various other integrating hormonal systems [47-
49].

Various types of stress such as cold and hot exposures, social crowding
and handling, as well as age and a diabetic condition may lead to a reduced
number of receptors for adrenal steroids in hippocampus. A common fac-
tor in these conditions is the persistent elevation of corticosterone in the
circulation [11]. There is a downregulation of glucocorticoid receptors with
the elevated level of corticosterone [6]. The regulation of corticosterone
receptors shows a biphasic increase with adrenalectomy. In the first 12-
18 h after bilateral adrenalectomy, the rise is mainly due to clearance of
endogenous hormone. The second phase takes a number of days to develop
fully and represents an increase in total receptor numbers [50]. The initial
increase in binding sites is relatively constant for 3-4 days postadrenalec-
tomy. Binding then rises up to 30 days when it returns to 3-day level and
finally falls still further when measured 180 days after the operation [51].
The number of hippocampal glucocorticoid binding sites is reduced by
injecting corticosterone into adrenalectomized rats [52].

Brain glucocorticoid receptors also respond to chronic stress-induced
elevations of circulating corticosteroids [53]. Repeated stress over 3 weeks
decreases the number of cytosolic receptors in the hippocampus. This up-
and downregulation of glucocorticoid receptors in some brain regions and
pituitary is thought to be governed not only by corticosteroids but also by
certain neuropeptides such as vasopressin and ACTH [46, 49].

By the 14th postoperative day, hypophysectomy increases the reten-
tion of labeled corticosterone by nuclei of in vivo cells more than adrenal-
ectomy. Cytosolic [*H]corticosterone binding at 14 days is also higher in
the hippocampus, hypothalamus, and septum of hypophysectomized rats.
This binding is reversible by systemic administration of corticosterone and
ACTH [46].

A main action of glucocorticoids on the brain and pituitary is to gov-
ern the production and secretion of hormones of the hypothalamic-pitu-
itary-adrenal axis [11]. The feedback actions of adrenal steroids have been
categorized into three groups: fast, intermediate, and slow [13]. The first
category involves the direct actions of glucocorticoids on the membranes,
independent of RNA and protein synthesis, to change blood steroid levels.
The second category involves actions of glucocorticoids which influence
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RNA and protein synthesis and which regulate gene expression related to
cellular and metabolic events. The third category involves actions of glu-
cocorticoids that suppress the synthesis of CRH, vasopressin and ACTH;
these actions also involve RNA and protein synthesis and are responsible
for the negative feedback of glucocorticoids on hypothalamus and pitu-
itary [13].

The negative feedback actions of glucocorticoids affect not only the
hypothalamus and pituitary but also the hippocampus, amygdala, septum
and midbrain. For example, ablation of dorsal hippocampus reduces the
effectiveness of dexamethasone in inhibiting basal and stress-induced pitu-
itary-adrenal responses [54]. Because the stress response is lowered when
hippocampal neurons are irreversibly lost and also by reduction in number
of hippocampal corticosterone receptors [55], the hippocampus is thought
to be a site for negative feedback by corticosterone in shutdown of the
stress response. This reduction in receptor numbers is very specific for the
hippocampus and does not occur in pituitary, hypothalamus, amygdala or
septum, and restoration of normal receptor levels leads to reversal of the
stress shutoff. However, in case of aging rats, the receptor deficit is due to
neuronal loss [48].

The exact mechanism of hippocampal neurotoxicity by glucocorti-
coids is not well understood. It appears that age-related loss of hippocam-
pal neuron’s is caused by cumulative exposure to basal titers of the steroid
and that prolonged stress can accelerate such hippocampal aging [56]. Glu-
cocorticoids have long been recognized for their potent catabolic effects on
target tissues which include inhibition of glucose uptake, cell division,
protein synthesis, as well as depletion of glycogen and triglycerides [7].
Thus, cumulative exposure to glucocorticoids as a function of age may
ultimately prove sufficiently catabolic to directly destroy hippocampal
neurons. On the other hand, glucocorticoid-induced neuronal loss may
also occur in conjunction with other metabolic challenges with aging.

There are several pathological repercussions of the corticosterone
hypersecretion in the aged rats. Most severe is the progressive loss of hip-
pocampal neurons with prolonged exposure to corticosterone. This neu-
ronal loss appears to accelerate further corticosterone secretion and shows
a feed forward cascade with age. This would enhance the neuronal degen-
eration in the hippocampus and lead to hyperadrenocorticism [6). Another
consequence may be the reduced sprouting of axons. This phenomenon is
produced in younger rats by maintaining corticosterone at high levels [57].
Elevated cortisone levels apparently have more widespread consequences
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outside of the brain. For example, stress induces tumor growth in both
voung and old rats [58] but with increased incidence in the aged rats. This
may in part be due to higher glucocorticoid levels in aged rats [58]. Also,
glucocorticoid increase may be a causative factor in immunosuppression,
hypertension, osteoporosis and steroid diabetes with advancing age [7].

Conclusions

The brain possesses receptors for adrenal glucocorticoids which
change in number and some physicochemical properties during develop-
ment and aging. Glucocorticoids affect several neurochemical reactions
within the brain, including monoamines, amino acid transmitters, and
some neuropeptides such as CRH, vasopressin, and ACTH. Their bio-
chemical effects include regulation of neurotransmitter receptor levels,
production of second messengers, and induction of several enzymes. Effi-
cient functioning of the hypothalamic-pituitary-adrenal axis appears to be
essential for adrenocortical stress reponses on and off. In general, the effi-
ciency of this axis becomes reduced as a function of age, which may lead to
decreased adaptive response in aged animals. Repeated exposure to var-
ious kinds of stresses throughout the life span induces alterations which
depend on age and target tissue. These alterations may disrupt appropriate
articulation and timing of the necessary signals for an optimal hypothalam-
ic-pituitary-adrenocortical function and thereby prevent efficient adjust-
ments to internal and external demands as a function of age.
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