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The vertebrate hypothalamus–pituitary–adrenal (HPA; or interrenal) axis plays pivotal
roles in animal development and in physiological and behavioral adaptation to environmental change. The HPA, or stress axis, is organized in a hierarchical manner, with
feedback operating at several points along the axis. Recent findings suggest that the
proteins, gene structures, and signaling pathways of the HPA axis were present in the
earliest vertebrates and have been maintained by natural selection owing to their critical
adaptive roles. In all vertebrates studied, the HPA axis is activated in response to stressors and is controlled centrally by peptides of the corticotropin-releasing factor (CRF)
family of which four paralogous members have been identified. Signaling by CRF-like
peptides is mediated by at least two distinct G protein-coupled receptors and modulated by a secreted binding protein. These neuropeptides function as hypophysiotropins
and as neurotransmitters/neuromodulators, influencing stress-related behaviors, such
as anxiety and fear. In addition to modulating HPA activity and behavioral stress responses, CRF-like peptides are implicated in timing key life history transitions, such as
metamorphosis in amphibians and birth in mammals. CRF-like peptides and signaling components are also expressed outside of the central nervous system where they
have diverse physiological functions. Glucocorticoids are the downstream effectors of
the HPA axis, playing essential roles in development, energy balance and behavior, and
feedback actions on the activity of the HPA axis.
Key words: stress; neuroendocrine system; corticotropin-releasing factor; urocortin;
evolution; corticosteroids

Introduction

cotropic hormone; ACTH). Corticotropin is
a small peptide hormone (39 amino acids)
derived by proteolytic processing of the precursor protein proopiomelanocortin (POMC);
it is secreted into the systemic circulation
and binds to receptors expressed in adrenocortical cells to increase the biosynthesis of
corticosteroids.
Corticosteroids are the primary “stress hormones” of vertebrates and in mammals have
been classified into two groups, the glucocorticoids (GCs) and the mineralocorticoids,
owing to their often distinct physiological
functions. Such distinctions are less clear in
nonmammalian species (e.g., in teleost fishes
cortisol, a classical GC in humans, plays important roles in hydromineral balance).1 Corticosteroids have diverse actions in development,

The vertebrate neuroendocrine stress axis
(hypothalamus–pituitary–adrenal or interrenal; hereafter the HPA axis) is an ancient
physiological system that plays a pivotal role
in mediating organismal responses to environmental change. In all vertebrates that
have been studied, neurosecretory neurons in
the hypothalamus synthesize neuropeptides of
the corticotropin-releasing factor (CRF) family that act on the pituitary gland to stimulate the release of corticotropin (adrenocorti-
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physiology, and behavior in vertebrate species.
They are well known to influence development
of the brain, lungs, and other organ systems;
to mobilize stored energy, inhibit energy storage, and stimulate gluconeogenesis; to stimulate feeding behavior in order to replenish depleted energy stores following a stress response;
and to influence learning and memory consolidation. A major, and perhaps primitive, role
for corticosteroids is in osmoregulation. In all
vertebrate species studied, corticosteroids have
been shown to influence plasma ion concentrations. In teleost fishes cortisol (fish do not
make the classical tetrapod mineralocorticoid
aldosterone) stimulates sodium transport across
epithelia of the gills, gut, and kidney and is
essential for promoting seawater adaptation.1
Corticosteroids also function in negative feedback at the level of the brain and pituitary gland
to inhibit the secretion of CRF and ACTH and
thus return the system to basal following a stress
response. A thorough discussion of the actions
of corticosteroids is beyond the scope of this review, but the reader is directed to reviews cited
throughout this paper for further information
(and see Refs. 2–5).
The corticosteroids bind to two receptor subtypes belonging to the nuclear hormone receptor (NR) superfamily: the type I [the mineralocorticoid receptor (MR)] and the type II [the
GC receptor (GR); Ref. 2]. The type I receptor
has higher affinity than the type II for corticosteroids, is selective for aldosterone, and thus
mediates actions of this mineralocorticoid on
hydromineral balance (thus it is named MR);
whereas the type II receptor plays a principal
role in mediating GC actions during a stress response (thus it is named GR). The two receptors
show region-specific expression in the brain,
with the GR being more widely expressed than
the MR. The differential affinities, specificities,
and expression patterns have led to the hypothesis that the MR maintains basal activity of
the HPA axis while the GR mediates negative
feedback under rising GC concentrations in response to a stressor.2 There is also evidence for
corticosteroid receptors (CRs) located in the
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plasma membrane that mediate rapid actions
of these hormones.6
Studies of extant species show that many of
the genes of the HPA axis are present in urochordates and cephalochordates; in fact, many
stress-related genes predate the chordates, thus
showing their ancient origins.7,8 Furthermore,
the major functions of this axis in mediating
developmental, physiological, and behavioral
responses to environmental change are ancient
features of the chordate lineage.8,9 Strong positive selection has maintained the structure and
functions of this axis owing to the pivotal adaptive role that stress hormones play in individual
survival.
Evolutionary Origins of
Corticosteroids and Their Receptors
The biochemical pathways responsible for
steroid biosynthesis and their function as signaling molecules are ancient and were likely
present in the earliest eukaryotes. For example, plants and fungi synthesize steroids that
are known to regulate development and reproduction.10,11 Plant steroid hormones (the
brassinosteroids) signal via membrane receptor kinases.12 The NRs that mediate many of
the actions of steroid hormones in animals are
absent from plants and are estimated to have
arisen over 1 billion years ago after the divergence of the metazoans and fungi but prior to
the Cnidaria/Bilateria split.13
Although invertebrates synthesize a diversity of steroid hormones and have multiple NR
genes, the capacity to synthesize 11- and 21hydroxylated steroids (the corticosteroids) appears to be unique to the vertebrates. This
ability to synthesize corticosteroids likely arose
prior to the origin of the jawed vertebrates (the
gnathastomes) as cortisol, corticosterone, and
11-deoxycorticosterone (11-DOC) have been
found in the blood of the Cyclostomata (hagfish and lamprey; reviewed by Ref. 14). Phylogenetic analysis of steroid receptors in basal
vertebrates suggests that, prior to the evolution
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Figure 1. Molecular phylogeny of steroid hormone receptors. Shown in parentheses are
the number of sequences in each clade. The circle marks the ancestral corticoid receptor
(AncCR) inferred from phylogenetic data. Reproduced from Ref. 16 with permission. (In color
in Annals online.)

of the gnathastomes, an ancestral NR gene (derived from an earlier duplication of a gene most
closely related to the modern estrogen receptor) duplicated to give rise to the progesterone
receptor and CR lineages. A second largescale genome expansion that occurred in the
gnathastome lineage approximately 450 million years ago gave rise to the GR and MR
lineages (Fig. 1; Refs. 15, 16). The functional
differentiation of these two receptors is proposed to have occurred by a “molecular exploitation” mechanism. The ancestral vertebrate CR is proposed to have had structural
properties most similar to the MR, with highest affinity for 11-DOC and by chance for
aldosterone (its capacity for biosynthesis did
not appear until the evolution of the tetrapods
through modification of 11β-hydroxylase; Refs.
16–18). Therefore, the ancestral CR and its
descendants were structurally pre-adapted to
bind aldosterone and thus “exploited” the lig-

and, which appeared approximately 200 million years after the receptor. Bridgham and
colleagues16 suggest that as few as two amino
acid substitutions were necessary in the GR lineage to generate a protein with high affinity for
GCs but low affinity for aldosterone. The existence of two distinct hormone-receptor pairs
allowed for the evolution of specific endocrine
control of osmoregulation and the stress
response.
Fully differentiated tissue capable of corticosteroidogenesis is found in extant chondrichthyean fishes, such as the holocephalans (ratfish) and elasmobranchs (sharks, skates,
rays). The major corticosteroid in these species
is 1-hydroxycorticosterone.19 In modern bony
fishes (the teleosts), cortisol is the major steroid
produced by adrenocortical tissue.14 In the majority of vertebrate species, the corticosteroidogenic tissue is separate from the chromaffin cells
(producing catecholamines) and forms discrete
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organoids or organs referred to as interrenal glands. In most ray-finned fishes (the
Teleosteii) the adrenocortical cells are embedded within the anterior portion of the kidney.
In lobe-finned fishes (lungfishes; Dipnoi) cordlike masses of adrenocortical cells are found between the kidneys. Amphibians possess paired
interrenal glands located on the ventral surface of the kidneys. It was not until the origin
of the amniotes that corticosteroidogenic tissue
became intermingled with chromaffin cells. In
reptiles, chromaffin cells are intermingled with
adrenocortical cells to varying degrees; however, the distinct adrenal zonation seen in mammals is only partly evident in reptiles and birds
(reviewed by Norris14 ).
Structural and Functional Evolution
of the HPA Axis
Neurosecretory neurons located in the preoptic/hypothalamic areas of vertebrates synthesize neuropeptides that control the HPA
axis. CRF is the major neurohormone regulating the vertebrate HPA axis.20 CRF is a
41-amino acid peptide originally isolated from
ovine hypothalamus and found to be the major hypothalamic releasing factor for pituitary
corticotropin (ACTH; Ref. 21). The parvocellular subdivision of the paraventricular nucleus
(PVN) is the major site of CRF synthesis in the
mammalian hypothalamus. In nonmammalian
species the hypophysiotropic CRF neurons are
located in the anterior preoptic area (POA;
preoptic nucleus). CRF is expressed outside of
the hypothalamus in mammals in the limbic
system (hippocampus, amygdala, nucleus accumbens, and bed nucleus of the stria terminalis [BNST]), hypothalamus, thalamus, cerebral cortex, cerebellum, and hindbrain.22 Similar distribution patterns of CRF neurons have
been described in nonmammalian species.23,24
The conserved distribution pattern suggests
ancient origins and strong positive selection
on gene regulatory sequences that determine
tissue-specific expression of CRF.25,26
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The actions of CRF-like peptides are mediated by at least two G protein-coupled receptors (CRF 1 and CRF 2 ) that have distinct tissue
distributions and are known to mediate different and diverse actions of CRF peptides in the
central nervous system and in the periphery.27
Orthologues of the mammalian CRF 1 and
CRF 2 receptors have been isolated by molecular cloning from frogs,28,29 chicken,30,31 and
fishes32–36 ; a third receptor was isolated from
the catfish and is expressed in the pituitary and
urophysis.32 Each CRF receptor gene gives rise
to multiple splicing variants with distinct expression profiles in mammals, but similar splice
variants of CRF receptors have yet to be identified in nonmammalian species. CRF binds
to CRF 1 receptors on pituitary corticotropes
where it initiates signal transduction involving
protein kinase A (PKA) and protein kinase C
(PKC) to increase secretion and biosynthesis
of ACTH (reviewed in Ref. 26). ACTH stimulates corticosteroid biosynthesis by the adrenal
cortex or interrenal gland. CRF and related
peptides are also potent thyrotropin (TSH)releasing factors in nonmammalian species,
acting via the CRF 2 receptor expressed on thyrotrope cells.37,38 The actions of CRF-like peptides on TSH release may reflect an ancient
role for these peptides in regulating life history
transitions, such as amphibian metamorphosis,
which is dependent on thyroid hormone (see
Refs. 37, 39 for reviews).
Coincident with the discovery of CRF, structurally similar peptides were isolated from the
caudal neurosecretory organ (urophysis) of several fishes (urotensin I; Ref. 40) and from the
skin of the frog Phyllomedusa sauvageii (sauvagine;
Ref. 41). At the time of their isolation it was
thought that these peptides were orthologues
of mammalian CRF, but subsequent analysis
showed that fish and frogs possess orthologous
CRF genes that are distinct from urotensin I
and sauvagine.42,43 Subsequently, genes orthologous to urotensin I were isolated from mammalian species and named urocortin (now urocortin 1; Refs. 44, 45). While both CRF and
urocortin 1 bind to and activate the CRF 1 and
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Figure 2. Neighbor joining tree of vertebrate corticotropin-releasing factor-like prohormone amino acid sequences. Abbreviations: CRF, corticotropin-releasing factor; UI, urotensin
I; SVG, sauvagine; UCN1, urocortin 1; UCN2, urocortin 2; UCN3, urocortin 3; Carp (Cyprinus carpio); Danio (Danio rerio, zebrafish); EurFld (Platichthys flesus, European flounder);
Te (Tetraodon nigroviridis, pufferfish); Fugu (Takifugu rubripes, pufferfish); Gfish (Carassius
auratus auratus, goldfish); Xlaev (Xenopus laevis, South African clawed frog); Xtrop (X. tropicalis); Rcates (Rana catesbeiana, North American bullfrog); Psauv (Phyllomedusa sauvageii);
Sckr (Catostomus commersoni, sucker); Spea (Spea hammondii, Western spadefoot toad); Til
(Tilapia mossambicus); Trout (Oncorhynchus mykiss). Modified from Ref. 46 with permission.

CRF 2 receptors, CRF has higher affinity for
the CRF 1 receptor and urocortin 1 has higher
affinity for the CRF 2 receptor.27,28 Recently,
we isolated a gene orthologous to mammalian
urocortin 1 from Xenopus laevis.46 The frog urocortin 1 shares only 50% sequence similarity
with sauvagine. A full-length sauvagine cDNA
sequence isolated from the skin of P. sauvageii
was recently deposited in GenBank (accession
#AY943910). Sauvagine appears to be a highly
divergent urocortin 1 that may be specific to
the Phyllomedusidae, and the relationship of

sauvagine to other vertebrate urocortin genes
remains to be determined.
Genomic analysis and molecular cloning recently led to the identification of two other
CRF-like peptides in mammals that are selective for the CRF 2 receptor; these are named
urocortin 2 and urocortin 3.47–50 Urocortin 2
and 3 genes have also been identified in pufferfish,46 urocortin 2 in the chicken, and urocortin
3 in the frog X. laevis.46 Thus, in vertebrates
there are at least four CRF paralogues (Fig. 2).
The CRF family of peptides predates the
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chordates, with primitive functions in osmoregulation (see Refs. 8, 23 for reviews on the evolution of CRF-like peptides).
The bioactivity of CRF and related peptides is modulated by a secreted CRF-binding
protein (CRF-BP) with affinity for CRF peptides that is similar to or greater than the affinity for the receptors.51 The CRF-BP was originally isolated and characterized from human
liver and rat brain.52 Genes for the CRF-BP
have been isolated and characterized and the
expression patterns described in rat, mouse,
sheep, frog (X. laevis), fishes, and the honeybee.36,51,53–55 Also, we detected CRF-BP protein in brain extracts from sea lamprey, tilapia,
turtle, and chicken, thus suggesting that the
CRF-BP and its ability to bind CRF-like peptides was present in the earliest vertebrates.51
The major function of the CRF-BP appears
to be to modulate access of CRF and related
peptides to CRF receptors.56 The protein is expressed throughout the brain in vertebrates and
overlaps with areas of expression of the ligands
and CRF receptors and is thus positioned to
modulate the bioavailability of CRF-like peptides.51 It is also widely expressed in peripheral
tissues where it may influence interaction of
CRF-like peptides with receptors.57 For example, CRF-BP is expressed in the human placenta and is secreted into the maternal circulation.58,59 Its expression level drops during late
gestation while placental CRF expression increases, thus leading to increased free CRF in
the circulation. This increased CRF bioavailability is hypothesized to play an important role
in the timing of birth.60,61 Another example
of peripherally expressed CRF-BP modulating
CRF bioavailability is in the Xenopus tadpole
tail where CRF, expressed by tail muscle cells,
functions as an autocrine cytoprotective factor
for tail muscle cell survival (that express CRF 1 ;
Ref. 62). The CRF-BP is expressed by cells between the muscles, connective tissue of the tail
fin, and cells of the notochord sheath in the
tadpole tail.63,64 Expression of the CRF-BP in
tail is induced by thyroid hormone and it increases dramatically during spontaneous meta-
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morphosis.62 We showed that the CRF-BP negatively regulates bioavailability of CRF to its
receptors on tail muscle cells.62 Thus, at metamorphic climax the induction of CRF-BP by
thyroid hormone in tail promotes tail regression by modulating the cytoprotective actions
of CRF.
While CRF plays an important role as a hypophysiotropin, CRF and urocortins are widely
expressed in the brain and spinal cord in vertebrates where they function as neurotransmitters/neuromodulators to coordinate behavioral and autonomic responses to stress.23,57
For example, CRF-like peptides play important
roles in the regulation of food intake,65,66 behavioral responses to stress,3,67–69 and influencing learning and memory consolidation.70–73
Recent findings show critical roles for the CRF
system in energy homeostasis.74 CRF-like peptides, receptors, and binding protein are also
expressed throughout the body where they are
likely to influence most, if not all, physiological
functions (Fig. 3; Ref. 57). The dysregulation of
CRF and the HPA axis, at both the central and
peripheral levels, has been implicated in the
pathogenesis of human diseases, such as anxiety
and depression, anorexia and obesity, inflammatory diseases, substance abuse, and preterm
birth.75,76 CRF and urocortins have some overlapping but many distinct roles in physiology
and behavior.77 These distinctions are, in part,
reflective of the differential expression and roles
for the CRF 1 and CRF 2 receptors.27,57,68,69,78
Stressor-dependent Activation
of the HPA Axis
The term stressor as used here is defined as
any environmental change that elicits an increase in circulating corticosteroid concentration (i.e., a stress response). A variety of stressors
(i.e., food deprivation, extreme weather, exercise, crowding, capture/confinement, shaking;
Refs. 65, 79–82; see Fig. 4A) cause elevated
plasma corticosteroid concentrations in different taxa. The increase in corticosteroid concentrations is associated with increased metabolic
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Figure 3. Tissue distribution of mRNAs for CRF, urocortins, CRF receptors, and CRF binding protein in juvenile X. laevis tissues analyzed by RT-PCR. (A) Expression analysis in brain
and pituitary. (B) Expression analysis in diverse peripheral tissues. Abbreviations not listed
in Fig. 2: CRF-BP, CRF binding protein; CRF 1 , CRF receptor 1; CRF 2 , CRF receptor 2. Ribosomal L8 (rpL8) was used as a housekeeping gene to control for RNA quality and loading.
Reproduced from Ref. 57 with permission.

Figure 4. Changes in (A) plasma corticosterone concentration, (B) CRF immunoreactivity (CRF-ir; mean
signal density), and (C) phosphorylated cAMP response element binding protein (CREB) immunoreactivity
(CREB-ir; number of stained nuclei) in the anterior preoptic area of juvenile X. laevis exposed to shaking/confinement stressor for various times. Data presented are the mean + SEM. A significant difference
from unstressed controls is denoted by ∗ for P < 0.05. Modified from Ref. 24 (A) and Ref. 25 (B and C) with
permission.

rate and the mobilization of stored energy,
which is thought to enhance performance during stressful events.79 While the immediate
physiological response to a stressor results in the
suppression of appetite owing to an increase in
brain CRF, the elevation in circulating corticosteroids subsequently leads to increased food
intake occurring several hours later.3,65,83 In-

creases in plasma GCs exert feedback on the
HPA axis to modulate the stress response (discussed below).
The key early event in the activation of the
HPA axis by a stressor is the release of CRF
from modified nerve terminals in the median
eminence or the pituitary (teleosts). This increased secretion of CRF leads to a rise in
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plasma ACTH that in turn causes an increase in
the production of GCs by adrenal cortical cells
and a rise in plasma GC concentration. Rapid
stressor-induced increases in CRF heteronuclear RNA (hnRNA; which reflects increased
CRF gene transcription), CRF mRNA, and
CRF peptide have been documented in rodents
and frogs in POA/hypothalamic neurosecretory neurons (Fig. 4B; Ref. 26). In teleost fishes,
exposure to stressors caused elevated CRF
mRNA in the POA/hypothalamus and increased CRF concentration in the systemic circulation.26,67 These findings show that stressordependent activation of CRF genes arose early
in vertebrate evolution and has been maintained by natural selection.

Molecular Mechanisms
of Stressor-dependent Activation
of CRF Genes
The conserved patterns of spatial, temporal, and stressor-dependent expression of CRF
among species suggest that the cis regulatory elements responsible for the regulation
of CRF genes arose early in vertebrate evolution. A comparative genomic analysis of vertebrate CRF genes identified several regions
of strong sequence similarity.25,26 The proximal promoter regions (approximately 330 bp
upstream of the transcription start sites) share
94% sequence similarity among human, rat,
and ovine CRF genes84 and approximately
72% similarity among frog (xCRFb gene) and
mammalian genes. While there is little or no
sequence conservation in the introns among
vertebrate classes, the 3 untranslated regions
(3 UTR) of tetrapods have several highly conserved stretches of nucleotide sequence (but
the 3 UTR of tetrapods is poorly conserved
with fishes; M. Yao, The University of Michigan, Ann Arbor (Dept. of Molecular, Cellular and Developmental Biology), unpublished
data). The sequence conservation in the 3
UTR of tetrapods may indicate a role in translational control, which has received little atten-

tion thus far, or to transcriptional control (e.g.,
perhaps tissue-specific expression).
Several intracellular signaling pathways are
implicated in the regulation of CRF gene
transcription. Perhaps the most significant
pathway involves the activation of cAMPdependent PKA that leads to phosphorylation
of the cAMP response element binding protein (CREB) (Fig. 4C; reviewed in Ref. 26).
The transcriptional activity of CREB is regulated by phosphorylation at conserved serine
residues, which occurs within minutes following
exposure to stressors in mammals and frogs.26
Phosphorylation of CREB induces the recruitment of the co-activators CREB binding protein (CBP) and p300 to gene promoters, leading
to gene activation through increased histone
acetylation.85,86 The cAMP activation of the
CRF gene is explained by a highly conserved
cAMP response element present in the proximal promoter of mammalian and frog genes.25
Mutational analysis has shown that this element is required for cAMP responsiveness of
the CRF gene both in vitro and in vivo.25,87–89
Also implicated in the early transactivation
of the CRF gene is the PKC pathway, acting through the transcription factors Fos and
Jun (activator protein 1; AP-1). The AP-1 proteins are immediate early genes first identified
based on their rapid and transient induction by
growth factors. Both c-fos mRNA and protein
have been shown to increase rapidly in several
stress-related brain areas following exposure to
stressors in mammals and frogs.26 Activation of
the PKC pathway in cultured cells increased
CRF promoter activity and gene expression.26
Evolutionarily conserved AP-1 binding sites are
present in the 5 flanking regions of vertebrate
CRF genes.25,90 Two of these sites overlap with
three putative glucocorticoid response element
(GRE) sites, and it was shown that both AP-1
proteins and GR can specifically bind to this
region of the human and frog CRF promoters.91,92 Mutational analysis supports that this
region is important both for AP-1-mediated
stimulation and for GR-mediated repression
of CRF promoter activity.91 Several studies
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suggest that the early upregulation of CRF expression during the stress response does not
depend on AP-1 binding proteins93–95 ; these
authors concluded that while rapid phosphorylation of CREB is primarily responsible for the
early induction of the CRF gene in the stress
response, the PKC pathway may play a role
in the delayed regulation of CRF expression in
response to sustained or chronic stressors.
Nerve growth factor induced gene B (NGFIB; also termed Nur77) is an orphan nuclear
receptor that is rapidly induced by exposure
to stressors and implicated in the regulation
of CRF gene expression.26 Consensus NGFIB binding sites (NGFI-B response element) are
present in the rat and frog proximal CRF promoters.25,96 Activation of the PKA pathway
in cultured cells rapidly increased NGFI-B expression and nuclear DNA binding activity of
NGFI-B dimers,97 and cotransfection with an
NGFI-B expression vector activated the CRF
promoter.98,99 For a more thorough discussion
of CREB, AP-1, and NGFI-B as well as other
regulators of CRF gene expression, see the review by Yao and Denver.26
Feedback Regulation of the HPA Axis
by GCs
The existence of negative feedback on HPA
axis activity by circulating GCs is well established in mammals. While much less is known
in nonmammalian species, the basic regulatory
relationships within the HPA axis appear to be
evolutionarily conserved. In mammals, CRF
neurons located in the PVN of the hypothalamus and corticotropes of the anterior pituitary are negatively regulated by GCs, thereby
limiting the magnitude and duration of the endocrine stress response.100–102 GCs act directly
on hypothalamic CRF neurons to reduce CRF
synthesis and secretion and on corticotropes in
the anterior pituitary gland to decrease synthesis of POMC and secretion of ACTH.26,92 GCs
also modulate the activity of PVN CRF neurons indirectly via descending pathways from
the hippocampus, amygdala, and BNST or via
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pathways originating in the brain stem.2,102,103
While CRF neurons in the PVN are negatively
regulated by GCs, other CRF-expressing cells
are positively regulated. For example, GCs upregulate CRF expression in the central nucleus
of the amygdala and BNST in rats and increase
CRF expression in syncytiotrophoblast cells of
the human placenta.26,92
In the frog X. laevis CRF expression is differentially regulated by GCs in discrete regions of
the central nervous system.92 In the frog POA
we found that GCs negatively regulated CRF
primary transcript (hnRNA) and peptide.92 Using in vitro cell transfection, in vivo gene transfer, and in vitro DNA binding assays, we also
showed that the frog proximal CRF promoters are negatively regulated by GCs and that
a composite AP-1/GRE site implicated in the
negative regulation of the human CRF gene is
structurally and functionally conserved in the
frog genes (X. laevis has two CRF genes owing
to its tetraploidy; Ref. 43). Double-labeling immunofluorescent confocal microscopy showed
that CRF and GR colocalize in cells of the frog
POA. Similarly, in the rat, CRF and GR were
found to co-localize in parvocellular neurons
of the PVN.104–106 Negative regulation of CRF
expression by GCs has also been reported in
several teleost fishes,107–111 although the molecular mechanisms for this regulation have not
been investigated. Thus, GCs acting via the
GR can directly influence transcription of the
CRF gene, and such regulation is phylogenetically ancient.
Indirect GC negative feedback on PVN neurons in mammals via a descending pathway
originating in the hippocampus has been described in mammals.2,102,103 Cells in the hippocampus that express GR and MR send
inhibitory projections to the PVN.102,112–114
Lesioning of the hippocampus resulted in increased CRF mRNA in the PVN and elevated
circulating GCs, which led the authors to conclude that this brain structure exerts tonic repression on CRF expression in the PVN.112,115
The hippocampus appears to mediate PVN
activity in response to psychological and
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multimodal stressors requiring higher order
sensory processing.116,117
The amygdala has been shown to influence PVN CRF expression, and in contrast
to the hippocampus, this pathway is primarily
stimulatory.26 The CRF neurons in the amygdala and BNST are activated in response to
fear/anxiety-provoking stressors.26 The BNST
serves as a relay between the amygdala and
the hypothalamus and is the major direct
nonhypothalamic input to the parvocellular
PVN.118,119 The CRF pathways originating in
the amygdala and BNST are hypothesized to
play a role in relaying stressor-dependent input
to the hypothalamus and thereby facilitating
PVN CRF release.120 In mammals, the central nucleus of the amygdala plays a key role
in mediating neuroendocrine and behavioral
response to stressors.114 In the frog, these functions may be subserved by the medial amygdala.24,92 Thus, the amygdala/BNST circuit
is involved in relaying stimulatory signals to
the PVN CRF neurons in response to certain
types of psychological stressors, such as fear and
anxiety.117,120
The sympathetic and parasympathetic
branches of the autonomic nervous system centered in the brain stem control skeletal and
smooth muscles of the vasculature, heart, gut,
and other organs to coordinate with the endocrine and behavioral aspects of the stress
response. Nuclei in the brain stem also mediate
responses to physiological stress, arousal, and
sensory processing.76,121,122 Studies in mammals suggest that basal CRF expression in the
PVN is under tonic stimulatory control by brain
stem structures.123,124
While comparable tract tracing and lesioning studies have not been conducted in nonmammalian species, our work in X. laevis
supports that indirect modulation of hypothalamic CRF neurons by GCs via projections
from limbic or brain stem structures is also
present in frogs. For example, CRF is expressed
in the amygdala, BNST, and medial pallium
(homologue of the mammalian hippocampus)
of the frog24,125 and its expression, and that
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of the immediate early gene c-fos are increased
by exposure to a physical stressor.24 The frog
amygdala, BNST, and medial pallium express
GR,126 and GCs increased CRF in the amygdala and BNST (but decreased CRF in the
POA; Ref. 92). Also, CRF is expressed in the
locus coeruleus and other hindbrain structures
in frogs.24 Thus, the limited data from nonmammalian species suggest that both direct
and indirect GC feedback on hypophysiotropic
CRF neurons is an ancient feature of the vertebrate HPA axis that has been evolutionarily
conserved.
In addition to GC negative feedback, a GCindependent mechanism that limits CRF gene
transcription immediately following exposure
to an acute stressor has been described.127
Shepard and colleagues127 found that while
CRF hnRNA was rapidly increased by restraint
stress up to 30 min, it returned to basal levels by
90 min in intact and adrenalectomized rats. Following exposure to the stressor, the expression
of the repressor isoform of cAMP response element modulator (CREM), the inducible cAMP
early repressor (ICER), was elevated in the rat
PVN in a GC-independent manner, and by 3
h, CREM proteins were recruited to the CRF
promoter. These authors proposed that, while
GCs limit the sensitivity and magnitude of CRF
transcriptional responses, the upregulation of
ICER may play an important role in the immediate repression of CRF transcription following exposure to an acute stressor (reviewed in
Ref. 128).
While genomic mechanisms of GC actions
mediated by the GR and MR are the best
studied, nongenomic actions mediated by G
protein-coupled membrane receptors have also
been shown.129–131 GCs caused rapid (within
15 min) inhibition of CRF-induced ACTH
pituitary secretion,132–134 which could not be
blocked by pretreatment with the GR antagonist RU486.135 GCs have also been shown to
cause rapid inhibition of CRF release from rat
hypothalamic explants in perifusion culture136
and to increase synaptic potentiation in the
mouse hippocampus.137 Thus, in addition to
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the classical genomic pathways for GC action,
rapid membrane-mediated signaling by GCs
likely plays an important role in GC feedback
on the HPA axis.6
Summary and Future Directions
The basic components and organization of
the vertebrate neuroendocrine stress axis arose
early in evolution and have been conserved.
The high degree of conservation is attributable
to the central adaptive role that this system
plays in vertebrates. Central regulation of the
axis depends on the actions of CRF, and CRF
neurons are rapidly activated following exposure to a variety of stressors. The proximal
promoter regions of CRF genes responsible
for stressor-dependent activation are remarkably conserved across vertebrate species, but
the regulatory regions responsible for tissuespecific expression have yet to be identified.
The roles of the related peptides, the urocortins,
in stress responses are beginning to be understood in mammals, but very little is known
about their expression and function in nonmammalian species. Also, CRF and urocortins
are expressed throughout the body where they
may play diverse, but as yet poorly characterized, roles in tissue development and homeostasis. The actions of CRF-like peptides are
mediated by two or more G protein-coupled
receptors and a secreted binding protein. Studies in mammals suggest distinct roles for
CRF receptors and CRF-BP, but more research is needed to understand the diversity of functions of these proteins in vertebrates and their evolutionary history. The
GCs are essential for feedback regulation of
the stress axis and have a diversity of actions in development, physiology, and behavior that are partly understood in mammals but
poorly known in nonmammalian species. Because of the deep evolutionary conservation
of the neuroendocrine stress axis, nonmammalian species can serve as important model
systems for elucidating the development, orga-

nization, and function of the vertebrate stress
axis.
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