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“Stress is life and life is stress.” The words of Hans Selye from the 1940s still ring true today. Selye recognized that
physical, emotional, and environmental challenges (stressors) elicit a variety of physiological responses and that our
ability to respond and adapt to these stressors is critical to our survival. In the 50 years since these initial observations,
we have learned a great deal about the complex system that allows us to maintain homeostasis in the resting state and to
respond appropriately to stressors, yet much remains to be learned about the regulation of this system. A key component
of this stress system is the hypothalamic-pituitary-adrenal (HPA) axis (Figure 1). In response to a stressful stimulus,
neural inputs from the central and peripheral nervous system converge on a small nucleus in the hypothalamus (the
paraventricular nucleus, or PVN) and signal for increased synthesis and release of corticotropin-releasing hormone
(CRH, also known as CRF). This 41–amino acid peptide is released into the hypophyseal portal blood and carried to the
anterior pituitary, where it binds to CRH receptors on the corticotropes. As with other Gs protein–coupled membrane
receptors, CRH receptors stimulate production of the intracellular second messenger cAMP. Activation of this pathway
results in increased production of proopiomelanocortin (POMC) and increased release of adrenocorticotropic hormone
(ACTH) and β-endorphin, bioactive proteolytic products of […]
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“Stress is life and life is stress.” The
words of Hans Selye from the 1940s still
ring true today. Selye recognized that
physical, emotional, and environmental
challenges (stressors) elicit a variety of
physiological responses and that our
ability to respond and adapt to these
stressors is critical to our survival. In the
50 years since these initial observations,
we have learned a great deal about the
complex system that allows us to main-
tain homeostasis in the resting state and
to respond appropriately to stressors,
yet much remains to be learned about
the regulation of this system.

A key component of this stress system
is the hypothalamic-pituitary-adrenal
(HPA) axis (Figure 1). In response to a
stressful stimulus, neural inputs from
the central and peripheral nervous sys-
tem converge on a small nucleus in the
hypothalamus (the paraventricular
nucleus, or PVN) and signal for increased
synthesis and release of corticotropin-
releasing hormone (CRH, also known as
CRF). This 41–amino acid peptide is
released into the hypophyseal portal
blood and carried to the anterior pitu-
itary, where it binds to CRH receptors on
the corticotropes. As with other Gs pro-
tein–coupled membrane receptors, CRH
receptors stimulate production of the
intracellular second messenger cAMP.
Activation of this pathway results in
increased production of proopiome-
lanocortin (POMC) and increased release
of adrenocorticotropic hormone (ACTH)
and β-endorphin, bioactive proteolytic
products of POMC. While CRH is wide-
ly regarded as the major hypothalamic
releasing factor for ACTH, other hypo-
thalamic compounds such as vaso-
pressin, oxytocin, and norepinephrine
can also stimulate ACTH release (at
much lower potencies) or potentiate
CRH-induced ACTH secretion (reviewed
in ref. 1). ACTH is carried via the blood to
its target organ, the adrenal cortex, where
it stimulates secretion of glucocorticoids

(corticosterone in rodents or cortisol in
humans). Glucocorticoids then mediate
a variety of metabolic effects that help the
body to respond to the stressor; for exam-
ple, they stimulate protein catabolism
and gluconeogenesis while inhibiting
peripheral glucose uptake.

Glucocorticoids also play a critical
role in turning off the stress signal to
maintain homeostasis in the HPA axis.

Elevated glucocorticoid levels reduce
the synthesis and release of CRH from
the hypothalamus and suppress POMC
production and ACTH release in the
anterior pituitary. Glucocorticoids also
feed back at higher brain centers to
modulate the neural inputs to the
hypothalamus. Thus, this finely tuned
stress system allows us to respond
quickly to stressors by increasing CRH,
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Figure 1
Schematic representation of the hypothalamic-pituitary-adrenal (HPA) axis. The initial changes in
the axis in response to a stressful stimulus are shown in red. Stress increases CRH synthesis and
release from neurons in the paraventricular nucleus (PVN) of the hypothalamus. CRH is carried to
the anterior pituitary, where it binds to CRH receptors on corticotropes, resulting in increased syn-
thesis of POMC and release of ACTH. ACTH, in turn, stimulates production of glucocorticoids
from the adrenal cortex. Glucocorticoids signal for a variety of metabolic changes that allow the
body to respond to the stressor. They also provide negative feedback (shown in red) at numerous
levels in the HPA axis to terminate the stress response and maintain homeostasis.



ACTH, and glucocorticoid release but
then to return the system to its basal
unstimulated state to maintain home-
ostasis. Altered HPA activation or
impaired negative feedback regulation
by glucocorticoids is associated with a
variety of clinical endocrine and psychi-
atric disorders, including Cushing’s dis-
ease, depression, anxiety disorders, and
anorexia. A clear understanding of the
regulatory mechanisms in this axis is
critical to our ability to develop new
treatments for these disorders.

It is not surprising, then, that changes
in the glucocorticoid status of an animal
result in altered POMC synthesis and
ACTH release. Yet the individual contri-
butions of hypothalamic CRH or periph-
eral glucocorticoids (at various concen-
trations) to these pituitary corticotrope
changes remain controversial. Many
studies have examined this question
using physiological alterations such as
adrenalectomy in the presence or absence
of corticosterone replacement, pharma-
cological treatments, or neuroanatomi-
cal lesions (reviewed in ref. 2). An alter-
native approach, adopted by Muglia et al.
in this issue of the JCI (3), involves the use
of genetically altered mice — in this case,
a CRH-deficient mouse.

The CRH-deficient mouse was creat-
ed in 1995 by Muglia and colleagues
using homologous recombination (4).
These mice are completely CRH-defi-

cient and exhibit chronic glucocorti-
coid insufficiency. Not surprisingly,
they also have a dramatically impaired
stress response. Interestingly, however,
plasma ACTH levels in these mice
appear to be normal despite the absence
of CRH and altered glucocorticoid lev-
els. Now, Muglia and colleagues have
used this interesting mouse model to
address the individual roles of gluco-
corticoids and/or CRH in POMC syn-
thesis and ACTH release (3). Their
results suggest that in CRH-deficient
mice, alterations in peripheral gluco-
corticoid levels can regulate POMC syn-
thesis and ACTH production, but that
changes in ACTH release in response to
altered glucocorticoid levels require the
presence of CRH.

While we often associate increased
synthesis with increased secretion, these
events are clearly distinct. Numerous
studies in anterior pituitary cultures
have demonstrated decreased POMC
transcription by glucocorticoids and
increased POMC transcription by CRH
(5). The identification and characteri-
zation of the genomic sequences and
transcription factors mediating these
changes in POMC transcription remain
areas of intense study. Anterior pitu-
itary cell cultures also show calcium-
dependent increases in ACTH secretion
with CRH treatment or increased levels
of intracellular cAMP. In contrast, glu-

cocorticoids alone have little or no
effect on basal ACTH secretion but
decrease CRH- or cAMP-stimulated
ACTH secretion (5, 6). These in vitro
results are consistent with the in vivo
data presented from the CRH-deficient
mice. Additional studies on the regula-
tion of ACTH secretion may elucidate
the key roles of CRH and elevated
cAMP levels in calcium-mediated
ACTH release and identify the molecu-
lar mechanisms by which glucocorti-
coids inhibit ACTH secretion. These
results may have important implica-
tions in the treatment of patients fol-
lowing chronic glucocorticoid adminis-
tration or deficiency.
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