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Abstract

Developmental, physiological, and behavioral adjustments in response to environmental change are crucial for animal survival. In ver-
tebrates, the neuroendocrine stress system, comprised of the hypothalamus, pituitary, and adrenal/interrenal glands (HPA/HPI axis) plays
a central role in adaptive stress responses. Corticotropin-releasing factor (CRF) is the primary hypothalamic neurohormone regulating
the HPA/HPI axis. CRF also functions as a neurotransmitter/neuromodulator in the limbic system and brain stem to coordinate endo-
crine, behavioral, and autonomic responses to stressors. Glucocorticoids, the end products of the HPA/HPI axis, cause feedback regula-
tion at multiple levels of the stress axis, exerting direct and indirect actions on CRF neurons. The spatial expression patterns of CRF, and
stressor-dependent CRF gene activation in the central nervous system (CNS) are evolutionarily conserved. This suggests conservation of
the gene regulatory mechanisms that underlie tissue-speciWc and stressor-dependent CRF expression. Comparative genomic analysis
showed that the proximal promoter regions of vertebrate CRF genes are highly conserved. Several cis regulatory elements and trans act-
ing factors have been implicated in stressor-dependent CRF gene activation, including cyclic AMP response element binding protein
(CREB), activator protein 1 (AP-1/Fos/Jun), and nerve growth factor induced gene B (NGFI-B). Glucocorticoids, acting through the glu-
cocorticoid and mineralocorticoid receptors, either repress or promote CRF expression depending on physiological state and CNS
region. In this review, we take a comparative/evolutionary approach to understand the physiological regulation of CRF gene expression.
We also discuss evolutionarily conserved molecular mechanisms that operate at the level of CRF gene transcription.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

“Life is stress and stress is life”.—Hans Selye, MD.

Animals must continuously adapt to internal and exter-
nal environmental changes that threaten to disrupt homeo-
stasis. Allostasis, a term Wrst introduced by Sterling and
Eyer (Sterling and Eyer, 1981), refers to the maintenance of
stability through change. McEwen and colleagues (McE-
wen and Stellar, 1993) later applied this concept to the
body’s response to stressors. The vertebrate stress response
involves endocrine, behavioral, autonomic, immune, and
metabolic adjustments that allow animals to adapt to
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challenges to homeostasis (Herman et al., 1996; Speert and
Seasholtz, 2001). The perception of stressors involves
multiple neural pathways that ultimately converge on
peptidergic neurons located in the paraventricular nucleus
(PVN) in mammals, or the anterior preoptic area (POA) in
nonmammalian species. These neurons produce corticotro-
pin-releasing factor (CRF), which is the primary neurohor-
mone that activates the hypothalamic–pituitary–adrenal/
interrenal (HPA/HPI) axis in response to a stressor. In
addition to its hypophysiotropic role, CRF coordinates
many aspects of the stress response such as behavioral and
autonomic adjustments (see Aguilera, 1998; Ziegler and
Herman, 2002, for reviews). In nonmammalian species,
CRF and related peptides are potent thyrotropin (TSH)
releasing factors where they regulate critical life history
transitions such as amphibian metamorphosis by activating
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the thyroid axis (see Denver et al., 2002; De Groef et al.,
2006, for reviews).

Corticotropin releasing factor is a 41-amino acid peptide
Wrst isolated from sheep hypothalamus and named for its
stimulatory actions on corticotropin release by the anterior
pituitary gland (Vale et al., 1981). Since then, CRF has been
isolated from diverse species representing each vertebrate
class except reptiles (see Lovejoy and Balment, 1999, for
review). In addition to its hypophysiotropic role, CRF is
widely expressed in the brain and spinal cord in both mam-
malian and nonmammalian species (Cummings et al., 1983;
Swanson et al., 1983; Zupanc et al., 1999; Pepels et al., 2002;
Lu et al., 2004; Richard et al., 2004; Yao et al., 2004; Calle
et al., 2005; see Boorse and Denver, 2006, for review) where
it functions as a neurotransmitter/neuronmodulator to
coordinate behavioral and autonomic responses to stress
(Orozco-Cabal et al., 2006; see Lovejoy and Balment, 1999,
for review). Corticotropin-releasing factor and related pep-
tides are known to play important roles in satiety and food
intake (Crespi and Denver, 2004; Crespi et al., 2004; see
Mastorakos and Zapanti, 2004, for review) and also inXu-
ence learning and memory consolidation (see Croiset et al.,
2000; Gulpinar and Yegen, 2004; Fenoglio et al., 2006, for
reviews). Components of the CRF signaling pathway,
including CRF, urocortins, CRF receptors and CRF bind-
ing protein are also expressed in many peripheral tissues
such as the adrenal gland, spleen, heart, lung, liver, thymus,
pancreas, intestines, ovary, testis, and placenta (human and
higher primates) (Suda et al., 1984; Petrusz et al., 1985;
Muglia et al., 1994; Boorse and Denver, 2006). Corticotro-
pin-releasing factor and related peptides likely inXuence
most if not all physiological functions including nervous,
endocrine, vascular, cardiovascular, skeletomuscular,
immune, and reproductive systems (Boorse et al., 2006; see
Boorse and Denver, 2006, for review). Dysregulation of
CRF and the HPA axis have been implicated in pathogene-
sis of several human disorders such as anxiety and depres-
sion, eating disorders, inXammatory diseases, substance
abuse, and preterm parturition (see Chrousos and Gold,
1992; Majzoub et al., 1999; Tsigos and Chrousos, 2002, for
reviews).

The hypophysiotropic neurons of the PVN/POA exhibit
the highest level of CRF expression in vertebrate brains,
and play an essential role in HPA/HPI axis regulation. In
tetrapod species, CRF neurons project axons to the median
eminence where neurohormones are released into the pitui-
tary portal circulation to regulate anterior pituitary func-
tion. In teleost Wshes, the hypophysiotropic CRF neurons
project to the proximal pars distalis where they release their
contents in close proximity to corticotrope cells (reviewed
by Lovejoy and Balment, 1999). These preoptic region neu-
rons have received greatest attention with regard to factors
that regulate expression of the CRF gene (Doyon et al.,
2003; Yao et al., 2004). Other brain regions, in particular
limbic (amygdala, bed nucleus of the stria terminalis) and
hindbrain (locus coeruleus) areas also possess CRF neu-
rons that respond to stressors and may be inXuenced by
glucocorticoids (see Tsigos and Chrousos, 2002; Ziegler
and Herman, 2002, for reviews). This review focuses on the
physiological and molecular regulation of CRF gene
expression in the CNS by stressors and by glucocorticoids.

2. Physiological regulation of CRF gene expression in the 
central nervous system

2.1. Central distribution of CRF neurons and basal 
(unstressed) expression of the CRF gene

Corticotropin-releasing factor is expressed throughout
the brain of mammals in regions that include the limbic sys-
tem (hippocampus, amygdala, nucleus accumbens, and bed
nucleus of the stria terminalis), hypothalamus, thalamus,
cerebral cortex, cerebellum, and hindbrain (Cummings
et al., 1983; Swanson et al., 1983). Similar distribution pat-
terns of CRF neurons have also been described in non-
mammalian species, which suggests that this expression
pattern arose early in vertebrate evolution and has been
maintained by strong selective forces (see Lovejoy and Bal-
ment, 1999; Yao et al., 2004). This distribution pattern also
suggests that the gene regulatory sequences that determine
tissue speciWc expression are evolutionarily conserved
(discussed below).

The primary site of CRF synthesis in the mammalian
hypothalamus is the parvocellular subdivision of the PVN.
The homologous region in nonmammalian species is the
anterior preoptic area (POA; preoptic nucleus). In tetra-
pods, these neurons project axons to capillaries in the exter-
nal zone of the median eminence, where CRF is released
into the portal blood and subsequently transported to the
anterior pituitary (see Aguilera, 1998, for review). In teleost
Wshes, pituitary cells are directly innervated by projections
from hypophysiotropic neurosecretory neurons (i.e., there
is no median eminence; see Lovejoy and Balment, 1999).
Expression of CRF in the mammalian PVN is regulated by
tonic input from several brain structures. There is a circa-
dian rhythm in the expression of CRF mRNA and hetero-
nuclear RNA (hnRNA) in the mammalian PVN (Kwak
et al., 1993; Watts et al., 2004). The cyclic expression of the
CRF gene is thought to be generated and maintained by
activity in the suprachiasmatic nucleus (SCN) (Szafarczyk
et al., 1979). Descending pathways from the hippocampus
play an important role in maintaining the set point for
basal HPA activity through the communication of gluco-
corticoid (GC) negative feedback (Jacobson and Sapolsky,
1991; Meijer and de Kloet, 1998).

2.2. Stress-activation of the central CRF system and 
neuronal circuitry of stress integration

Upon exposure to a stressor, the HPA/HPI axis is rap-
idly activated. In tetrapods, corticotropin releasing factor is
released from modiWed nerve terminals in the median emi-
nence within seconds, and travels to the anterior pituitary
where it activates CRF receptors to increase production of
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adrenocorticotropic hormone (ACTH). A rise in plasma
ACTH leads to increased production of GCs by the adrenal
cortex, and a rise in plasma GC concentration. Glucocorti-
coids exert diverse eVects on target tissues to mobilize
energy for the body to deal with the stressor. Plasma GCs
also exert feedback at diVerent levels of the HPA axis to
modulate the stress response (see Sapolsky et al., 2000;
Tsigos and Chrousos, 2002; Ziegler and Herman, 2002, for
reviews).

Release of CRF from the dendritic terminals of PVN
neurons into the hypophyseal portal blood is the key event
that leads to activation of the HPA/HPI axis during the
stress response. Increases in CRF mRNA, and in some
cases hnRNA (a measure of CRF gene transcription) levels
in these neurons have been documented after exposure of
rats to diVerent physical, physiological, and psychological
stressors (e.g., foot shock, immobilization, forced swim-
ming, ether stress, and endotoxin stimulation; Herman
et al., 1989a; Imaki et al., 1991; Bartanusz et al., 1993;
Rivest et al., 1995; Kovacs and Sawchenko, 1996a,b; Ma
et al., 1997a,b; Hsu et al., 1998; Chen et al., 2001; Liu et al.,
2001). Work from our laboratory in the frog Xenopus laevis
showed that both CRF immunoreactivity and CRF
hnRNA exhibited rapid increases in the POA following
exposure to a shaking/conWnement stressor (Yao et al.,
2004; Yao et al., 2007). Studies in teleost Wshes (rainbow
trout Oncorhynchus mykiss, carp Cyprinus carpio L., and
tilapia Oreochromis mossambicus) also demonstrated that
stressors elevated CRF mRNA in the POA or hypothala-
mus (social stressor: Doyon et al., 2003; restraint stressor:
Huising et al., 2004; chasing or restraint stressor: Doyon
et al., 2005) and increased concentrations of CRF in the
systemic circulation (capture stressor: Pepels et al., 2004);
see also (Flik et al., 2006). Taken together, Wndings in mam-
mals, in Xenopus and in Wshes show that stressor-dependent
activation of CRF genes arose early in vertebrate evolution,
and that exposure to stressors leads to a rapid increase in
CRF gene transcription.

Hypothalamic CRF neurons receive dense projections
from forebrain limbic sites, brain stem autonomic centers,
and a number of local hypothalamic regions. Brain sites
that do not have dense direct connections with the PVN
such as the hippocampus, the amygdala, and the locus coe-
ruleus likely inXuence PVN neurons indirectly via a relay
mechanism (see Herman and Cullinan, 1997; Ziegler and
Herman, 2002, for reviews). These neuronal connections
play pivotal roles in the regulation of CRF gene activity
under both basal and stressor-induced conditions.

Limbic structures are rapidly activated in response to
stress, indicated by extensive induction of immediate early
genes (IEGs; Honkaniemi et al., 1992; Cullinan et al., 1995)
and increased CRF expression (Kalin et al., 1994; Merali
et al., 1998; Yao et al., 2004). Damage to the hippocampus
signiWcantly increased CRF mRNA in the PVN of rats, and
caused GC hypersecretion in Cynomolgus monkeys (Her-
man et al., 1989b; Sapolsky et al., 1991), showing that this
brain structure exerts tonic repression on PVN CRF
expression. The hippocampus appears to have a stressor-
dependent inhibitory input to the PVN, since stimulation of
this region decreased HPA activity, while hippocampal
lesions increased secretion of ACTH and GC in response to
some stressors, but not others (see Jacobson and Sapolsky,
1991; Herman and Cullinan, 1997; for reviews). It is
thought that the limbic system is more sensitive to psycho-
logical and multi-modal stressors requiring higher-order
sensory processing (Herman and Cullinan, 1997).

Limbic structures such as the amygdala and the bed
nucleus of the stria terminalis (BNST) seem to have the
opposite inXuence on CRF neurons in the PVN compared
with the hippocampus. The central nucleus of the amygdala
plays a key role in mediating neuroendocrine as well as
other aspects of the stress response. Electrical stimulation
of this region caused secretion of CRF from the median
eminence (Weidenfeld et al., 1997). Whereas, lesions of the
amygdala decreased CRF mRNA in the PVN and CRF-
like immunoreactivity in the median eminence in unstressed
rats (Beaulieu et al., 1989; Prewitt and Herman, 1994), and
blocked CRF induced behavioral responses and the HPA
response to acoustic and photic stimulation (Liang et al.,
1992). Injection of CRF into the amygdala enhanced inhib-
itory avoidance learning and decreased exploratory activity
in rats (Liang and Lee, 1988), and antagonism of CRF
receptors in the central amygdala attenuated foot shock-
induced freezing behavior (Swiergiel et al., 1993). Thus, the
amygdala circuit may be essential for relaying a stimulatory
signal with certain types of stressors to the PVN CRF
neurons (Gray, 1993; Herman and Cullinan, 1997).

Similar to the lesion studies of the amygdala, ablation of
the BNST caused a signiWcant decrease in CRF mRNA in
the PVN in unstressed rats (Herman et al., 1994). Electrical
stimulation of the medial and rostral BNST resulted in an
increase in plasma GC (Dunn, 1987), and lesions of the lat-
eral BNST also attenuated conditioned fear-induced
release of ACTH and GC (Gray et al., 1993). Furthermore,
in response to a psychological stressor, CRF mRNA was
increased in the limbic system (the central nucleus of the
amygdala and the dorsolateral BNST) without a detectable
increase in the hypothalamus (Makino et al., 1999), suggest-
ing that the limbic stress pathway responds to certain types
of stressors independent of HPA axis activation.

The brain stem is essential for autonomic responses to
stressors. Sympathetic and parasympathetic systems of the
autonomic nervous system regulate skeletal muscles and
smooth muscles of the vasculature, heart, gut, and other
organs to coordinate with other aspects of the stress
response. The brain stem also mediates arousal, sensory
processing, and responses to physiological stress (see Brun-
son et al., 2001; Tsigos and Chrousos, 2002; Ziegler and
Herman, 2002, for reviews). Hemisection of the lower
brainstem (including the locus coeruleus) decreased CRF
mRNA in the ipsilateral PVN in unstressed rats (Kiss et al.,
1996), suggesting basal CRF expression in the PVN is
under tonic stimulatory control by brain stem structures.
Lesions of the locus coeruleus caused a reduction in GC
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release after restraint stress, suggesting a stimulatory input
from this site to the hypothalamic neuroendocrine cells
(Ziegler et al., 1999).

Corticotropin-releasing factor also increases its own
expression and that of CRF receptors, and thus might have
autocrine or paracrine functions within a tissue. Both i.c.v.
administration of CRF and exposure to acute immobiliza-
tion rapidly induced expression of CRF and CRF receptor
1 mRNA in the PVN, suggesting autoregulation of the
CRF gene in the stress response (Luo et al., 1994; Imaki
et al., 1996). Pretreatment with a CRF receptor 1 antagonist
signiWcantly reduced stressor-induced ACTH secretion and
c-fos mRNA expression in the PVN (Imaki et al., 2001),
suggesting that autoregulation of CRF contributes to stres-
sor-dependent activation of the CRF gene and/or secretion
of CRF from hypothalamic neurons.

In addition to CRF, other neuropeptides such as argi-
nine vasopressin (AVP) and urocortins (CRF related pep-
tides) may also be involved in stress activation of the HPA/
HPI axis, but these pathways are beyond the scope of the
current discussion (see Lovejoy and Balment, 1999;
Heinrichs and Koob, 2004; Suda et al., 2004, for reviews).

2.3. Feedback regulation of CRF expression by 
glucocorticoids

Glucocorticoids, the end eVectors of the HPA/HPI axis,
play critical roles in regulation of CRF expression and
adrenal/interrenal activity. High concentrations of circulat-
ing GCs induced by stressors have an inhibitory eVect on
the synthesis and secretion of hypothalamic CRF, and the
production and secretion of ACTH by the pituitary. Such
negative feedback is a critical mechanism for terminating
the stress response and restoring the system to homeostasis
(see Makino et al., 2002, for review). In unstressed animals,
CRF mRNA levels in the PVN exhibit a reverse correlation
with plasma GC concentration (Watts and Swanson, 1989;
Kwak et al., 1992). However, the circadian rhythm of CRF
mRNA and heteronuclear RNA (hnRNA) levels in the
PVN are maintained in adrenalectomized rats, indicating
circulating GCs are not required for the cyclic expression of
CRF (Kwak et al., 1993; Watts et al., 2004).

Two types of intracellular GC receptors are expressed in
the brain: the high aYnity type I receptor (also called the
mineralocorticoid receptor; MR), and the lower aYnity
type II receptor (also called the glucocorticoid receptor;
GR) (see Funder, 1997, for review). The GR is expressed
throughout the mammalian brain, with the highest level in
the PVN and the corticotropes of the anterior pituitary. By
contrast, the highest expression of MR in mammals is
found in the hippocampus. Due to its high aYnity for corti-
costerone, the MR expressed in the hippocampus is
thought to mediate the feedback actions of GCs at the cir-
cadian peak, and to maintain the basal activity of the HPA
axis (see De Kloet et al., 1998, for review). Following an
acute stressor, the concentration of plasma GC is increased,
and the low aYnity receptor GR may play an essential role
in mediating GC feedback directly on the PVN and the
pituitary corticotropes to terminate the HPA stress
response by negative feedback (De Kloet et al., 1998).

The predominant sites for inhibition of the HPA axis by
the GR are the PVN and the pituitary corticotropes. It has
been shown that activated GR suppresses expression of the
CRF gene in the hypothalamus, and inhibits expression of
pro-opiomelanocortin (POMC; a precursor protein of a
variety of peptides including ACTH) in pituitary cortico-
tropes (Dallman et al., 1992; see below for more discussion).
The GR may also mediate feedback regulation by GCs in
the limbic system including the hippocampus and amyg-
dala, as well as in brain stem neurons such as the locus coe-
ruleus. These neuronal groups have extensive direct and
indirect connections with CRF neurons in the PVN, and
activation of GR at these sites is involved in modulation of
HPA activity in response to acute as well as chronic stress
(De Kloet et al., 1998). In addition, acute stress caused
increased GR expression in the PVN and pituitary (Mam-
alaki et al., 1992), while repeated stress or sustained admin-
istration of exogenous GCs down-regulated GR in the
hippocampus and amygdala (Sapolsky et al., 1984), provid-
ing a secondary mechanism to modulate CRF expression
and HPA activity.

Studies in rats showed that administration of the GC
synthesis inhibitor metyrapone caused a rapid increase in
CRF hnRNA in the PVN followed by an increase in CRF
mRNA (Herman et al., 1992). Adrenalectomy (ADX) also
increased CRF mRNA in the PVN, while high doses of
dexamethasone decreased it (Jingami et al., 1985; Beyer
et al., 1988). These results suggest that expression of the
CRF gene is under tonic suppression by GCs in the
unstressed condition. In addition, ADX augmented, but
dexamethasone pretreatment inhibited CRF hnRNA and
mRNA increases in the rat PVN following exposure to
restraint or photic stimulation (Imaki et al., 1995; Feldman
and Weidenfeld, 2002).

However, physiological concentrations of GCs in intact
animals have been shown to be essential for the initiation
and sustenance of the stress response. In fact, in ADX rats
levels of CRF hnRNA and mRNA in the PVN were
decreased following stress stimulation (Tanimura and
Watts, 1998). ADX rats supplemented with a low dose of
GCs showed augmented PVN CRF mRNA levels follow-
ing hypovolemia (Tanimura and Watts, 1998). In another
study in rat, both CRF hnRNA and mRNA increased and
remained elevated during sustained hypovolemia in adrenal
intact animals (Tanimura and Watts, 2000). However, these
investigators found that in ADX animals hypovolemia
caused an earlier increase in CRF hnRNA in the PVN,
which declined rapidly; no changes in CRF mRNA in the
PVN were observed in the ADX rats. Furthermore, CRF
peptide concentrations in the portal blood of ADX rats
were decreased (Plotsky and Sawchenko, 1987), and stimu-
lus-evoked CRF secretion from the mediobasal hypothala-
mus of transgenic mice with impaired GR was reduced
compared to wild type (Dijkstra et al., 1998). Thus plasma
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GCs apparently exert a dual action on CRF expression in
the PVN: high concentrations of circulating GCs (exoge-
nous or obtained during stress) inhibit CRF gene transcrip-
tion in the PVN (negative feedback action), while lower
levels of GCs may exert a permissive action on stressor-
dependent gene activation and secretion, and the mainte-
nance of CRF expression in the initial stages of the stress
response (see Tanimura and Watts, 2001, for review).

Evidence for a role for the MR in negative feedback reg-
ulation of the HPA comes from studies of MR knockout
mice. Compared with wildtype, the knockouts exhibited
increased HPA activity as evidenced by elevated CRF
mRNA levels in the PVN, and increased plasma ACTH
and corticosterone concentrations (Gass et al., 2001). Thus
GCs acting via the MR expressed in the limbic system are
thought to exert a “tonic” inhibition on the CRF gene in
the PVN, while GR likely mediates the “phasic” regulation
of CRF in the stress response (Gass et al., 2001).

3. Molecular mechanisms of transcriptional regulation of 
CRF genes

The commonalities in the spatial, temporal and stressor-
dependent expression of CRF among species suggest that
the basic cis elements responsible for the regulation of CRF
genes were present in the earliest vertebrates, and have been
maintained by positive selection owing to the critical role
that CRF plays in adaptive stress responses. We conducted
a comparative genomic analysis of vertebrate CRF genes
and identiWed several regions of strong sequence similarity
(Fig. 1). Within the coding region the area of highest
sequence similarity was in the mature peptide, while the
cryptic peptide of the prohormone exhibited much lower
conservation. There was virtually no sequence conservation
in the introns among vertebrate classes, but surprisingly,
the 3� untranslated regions (3� UTR) exhibited several
highly conserved stretches of nucleotide sequence among
tetrapods. A more detailed analysis of the 3� UTRs of CRF
genes among several Wsh species (puVerWsh, scaleless carp,
tilapia, rainbow trout, and zebraWsh) and tetrapods
revealed much lower sequence conservation (M. Yao,
unpublished). The functional signiWcance of the sequence
conservation in the 3� UTR of tetrapods is not known, but
could be related to conserved elements necessary for trans-
lational or transcriptional control. After the mature pep-
tides, the proximal promoter regions shared the highest
degree of sequence similarity; analysis of »330 bp of
upstream sequences showed 94% sequence similarity
among human, rat, and ovine CRF genes (Vamvakopoulos
et al., 1990), and »72% similarity among frog (xCRFb
gene) and mammalian genes.

Computer analysis of the proximal CRF promoters
revealed several putative transcription regulatory elements,
including two TATA boxes, CAAT boxes, a cAMP
response element (CRE), several AP-1 protein (Fos/Jun)
binding sites, several half-glucocorticoid response elements
(GRE), and half-estrogen responsive elements (ERE)
(Vamvakopoulos et al., 1990; Vamvakopoulos and Chrou-
sos, 1994; Fig. 2). The majority of the cis elements within
the proximal promoter region are highly conserved among
vertebrate CRF genes (Yao et al., 2007; Fig. 2). The func-
tion of some of these putative regulatory elements in the
Fig. 1. Alignment of vertebrate CRF genes (in decending order on Wgure): puVerWsh (Fugu rubripes), chicken (Gallus domesticus), frog (Xenopus tropicalis),
opossum (Didelphis virginiana), mouse (Mus musculus), dog (Canis domesticus), and rhesus monkey (Macaca mulatta) genomes using the human as the
base sequence. Peaks on the graph represent percentage identity between the aligned genomes at the speciWed positions. A vertical axis cut-oV of 50% iden-
tity was used. Alignments were done using the evolutionary conserved region (ECR) browser (Ovcharenko et al., 2004; http://ecrbrowser.dcode.org/). The
most highly conserved regions are the mature peptide and the proximal promoter. The cryptic peptide is part of the prohormone that is cleaved to generate
the mature peptide. Note that only limited 5� upstream sequence was available in the current ECR browser update for X. tropicalis and Fugu rubripes (the

extent of sequence for each species used is indicated by the gray bars under each histogram).

http://ecrbrowser.dcode.org/
http://ecrbrowser.dcode.org/
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human and rat CRF genes have been addressed using cell
transfection and in vitro binding assays. A schematic dia-
gram of several of these regulatory pathways is shown in
Fig. 3. Below we address the functions of the major cis ele-
ments that have been characterized thus far, and discuss
new data that provide evidence for their importance in
mediating stressor-dependent gene activation in vivo.

3.1. Cyclic AMP response element binding protein

The activation of CRF promoter activity through the
cAMP-dependent protein kinase A (PKA) pathway has
been shown by cell transfection assay in a number of cell
types: mouse anterior pituitary cell AtT20 (Van et al., 1990;
Rosen et al., 1992; Guardiola-Diaz et al., 1996; Malkoski
et al., 1997; King et al., 2002), rat pheochromocytoma cell
PC-12 (Seasholtz et al., 1988; Guardiola-Diaz et al., 1994),
chicken macrophage HD11 (Van, 1993), neuroblastoma
cell SK-N-MC, choriocaarccinoma cell JAR (Spengler
et al., 1992), COS-7 cell (Vamvakopoulos and Chrousos,
1993a), and primary human placental cytotrophoblast cells
(Cheng et al., 2000a). Also, upregulation of the endogenous
CRF gene following activation of the cAMP pathway has
been shown in a primary fetal rat hypothalamic cell line
(Emanuel et al., 1990).

Cyclic AMP response element binding protein (CREB)
is a member of the basic leucine zipper (bZIP) family of
transcription factors. This family also includes the cAMP
response element modulatory protein (CREM) and the
activating transcription factor 1 (ATF-1) (see Lonze and
Ginty, 2002, for review). Members of this family form
homo or heterodimers through their leucine zipper
Fig. 2. ClustalW alignment of the proximal promoter regions of human (h), chimp (pt), sheep (sh), mouse (m), rat (r), and Xenopus laevis (x; genes a and b)
CRF genes. Sequences that are identical among CRF genes are shadowed. The asterisk indicates the predicted transcriptional start sites for each gene.
Putative binding sites of transcription factors are indicated. NGFI-B, nerve growth factor induced gene B; ER, estrogen receptor; Oct-1, octomer biding
factor 1; GR, glucocotricoid receptor; AP1, activation protein 1 (Jun/ Fos); CREB, cyclic AMP response element binding protein; XFD2, Xenopus fork-
head domain factor 2; Nkx 2–5, cardiac-speciWc homobox protein; AhR, aryl hydrocarbon receptor (modiWed from Yao et al., 2007).

1 8210 20 30 40 50 60 70(1)
CCCACTTCCCCTTCCTCCTCCCATTCGCTGTCTCTTTGCACACCCCTAATATGGCCTTTCATAGTAAGAGGTCAATATGTTThCRF (1)
CCCACTTCCCCTTCCTCCTCCCATTCGCTGTCTCTTTGCACACCCCTAATATGGCCTTTCATAGTAAGAGGTCAATATGTTTptCRF (1)
CCCTCCCCTTCTCTCCCCTCCCATTCACT--CTCTTTTCTGACCTTCCCTTTGGCCTTTCCTAGTAAGAGGCCAGTATGTCTshCRF (1)
ACCTCTTCTTCTTTCCCCTCCCACTCTCTGTCTCTTTTCTGGTCCGTA-TCTGGCCTATCATAGTAAGAGGTCAGTCTGTTTmCRF (1)
-TCCCCACCTCTTTCTC-TCTCCCACTCTGCCTCTTTTCTGGTCTGTA-TCTGGCCTATCATAGTAAGAGGTCAGTATGTTTrCRF (1)
ACCACACCTTCTA-TACATCCATGGGGTTAAATATCTGC----CTGCT---TGACCTTTGGTAGTAAAAGGTCACTTGGTGTxCRFb (1)
ATCAGATTCCCTAATACCACAAATACTTTAGA--TCAGC----CTCTT---TGACCTTGGCTAATAAAGGGTCACTTGGCGAxCRFa (1)

83 16490 100 110 120 130 140 150(83)
TC-AC-----ACTTGGGAAATCTCATTCAAGAATTTTT-GTCAATGGACAAGTCATAAGAAGCCCTTCCATTTTAGGGCTCGhCRF (83)
TC-AC-----ACTTGGGAAATCTCATTCAAGAATTTTT-GTCAATGGACAAGTCATAAGAAGCCCTTCCATTTTAGGGCTCGptCRF (83)
TC-AC-----ACTTGGGAAATCTCATTCAAGAATTTTT-GTCAATGGACAAGTCATAAGAAGCCCTTCCATTTTAGGGCTCTshCRF (81)
TCCAC-----ACTTGGATAGTCTCATTCAAAAATTTTT-GTCAATGGACAAGTCATAAGAAACCCTTCCATTTTCGGGCTCGmCRF (82)
TCCAC-----ACTTGGATAATCTCATTCAAGAATTTTT-GTCAATGGACAAGTCATAAGAAGCCCTTCCATTTTAGGGCTCGrCRF (80)
TGCACGGCCCACATGGGAAACCTCATTCATGATTTCTT-GTCAATGGGAGACTTGTGAACGTCACTTTCAGTTAAGGTGTCAxCRFb (75)
GGAA-----------GGAAACCTCTTCAGATATTTCTTTGTCAATGGAAAATTTTTGAACATCGCATTT-----AGGTTGCAxCRFa (74)

165 246170 180 190 200 210 220 230(165)
TTGACGTCACCAAG-AGGCGATAAATATCTGTTGATATAATTGGATGTGAGATTCAGTGTTGAGATAGCAAAA-TTCTGCCChCRF (158)
TTGACGTCACCAAG-AGGCGATAAATATCTGTTGATATAATTGGATGTGAGATTCAGTGTTGAGATAGCAAAA-TTCTGCCCptCRF (158)
TTGACGTCATCAAGGAGGCGATAAATATCTGTTGATATAATTGGATGTGAGATTCAGTGTTGAGATAGCAAAAATTCTGCCCshCRF (156)
TTGACGTCACCAAGGAGGCGATAAATATCTGTTGATATAATTGGATGTGAGATTCAGTGTTGAAATAGCAGAA-CTCTGTCCmCRF (158)
TTGACGTCACCAAGGAGGCGATAAATATCTGTTGATATAATTGGATGTGAGATTCAGTGTTGAAATAGCAGAA-CCCTGTCCrCRF (156)
TTTACGTCACTAAAGAGGCAATAAATATCCGAGAACATAATTGGATGTAAGAGTCATTGTTGTAATAGCAAAC--TCTGCCCxCRFb (156)
CCTACGTCACTAAAGAGGCAATGAAAATCCGAGAGCGTAATTTGAAGGGAGATCCATG---GCA-----AAAC--TCCACCTxCRFa (140)

247 328260 270 280 290 300 310(247)
CTCGTTCCTTGGCAGGGCCCTATGATTTATGCAG---GAGCAGAGGCAGCACGCAATCGAGCTGTCAAGAGAGCGTCAGCTThCRF (238)
CTCGTTCCTTGGCAGGGCCCTATGATTTATGCAG---GAGCAGAGGCAGCACGCAATCGAGCTGTCAAGAGAGCGTCAGCTTptCRF (238)
CTCGTTCCCGGGCAGG--CCTATGATTTATGCAG---GAGCAGAGGCAGCG-GCAATCCAGCTGTCAAGAGAGCGTCAG-TTshCRF (238)
CTCGCTCCTTGGCAGGGCCCTATTATTTATGCAG---GAGCAGAGGCAGCACGCAATCGAGCTGTCAAGAGAGCGTCAGCTTmCRF (239)
CTCGCTCCTTGGCAGGGCCCTATTATTTATGCAG---GAGCAGAGGCAGCACGCAATCGAGCTGTCAAGAGAGCGTCAGCTTrCRF (237)
ATTGCTC---TGAAGAGCC--ATTATTTATTCATTGAGCAGAGGAGTTACACGCAA--CAGTTGTCAAGAAAGCGTCAGCTTxCRFb (236)
ATTGCTC---TCAAGGGAC--ATTATTTATTCA----GCACAAAAGCTACATGCAA--CAGTTGTCAAGAAAGCATCAGCTTxCRFa (212)

329 410340 350 360 370 380 390 400(329)
-------ATTAGGCAAATGCTGCGTGGTTTTTGAAGAGGGTCGACACTATAAAATCCCACTCCAGG-CTCTGGAGTGGAGAAhCRF (317)
-------ATTAGGCAAATGCTGCGTGGTTTTTGAAGAGGGTCGACACTATAAAATCCCACTCCAGG-CTCTGGAGTGAAGAAptCRF (317)
-------ATTAGGCAAATGCTGCGTGGTTTCTGAAGAGGGTCGACACTATAAAATCCCCTTCCAGG-CTCTGGTGTGGAGAAshCRF (313)
-------ATTAGGCAAATGCTGCGTGCTTTCTGAAGAGGGTCGACATTATAAAATCTCACTCCAGG-CTCTGGTGTGGAGAAmCRF (318)
-------ATTAGGCAAATGCTGCGTGCTTTCTGAAGAGGGTCGACGTTATAAAATCTCACTCCGGG-CTCTGGTGTGGAGAArCRF (316)
-------ATTAGGCAAGATCTGCGTGATCCCCGAAGAAAGTCTAAGCTATAAAACCTGGGTTCAAGACTTCTGTTTGTAGAGxCRFb (311)
TCAGAGGAATCAGAAGGAATTGCTCGATCTTGAAAGGAGTTCTAAGCTATAACATCTGATTTCAGGGCTTATGTTTCTAG-GxCRFa (283)
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domains and bind to DNA. Transcriptional activity of
CREB is regulated by phosphorylation at conserved ser-
ine residues, and several intracellular signaling pathways
can induce phosphorylation of CREB, including the
PKA, Ca2+, and mitogen-activated protein kinases
(MAPKs) (see Shaywitz and Greenberg, 1999; Johannes-
sen et al., 2004, for reviews). Although phosphorylation
did not alter CREB binding to DNA in vitro (Richards
et al., 1996; Wu et al., 1998), phosphorylation has been
shown to increase CREB DNA binding activity without
changing the total CREB protein level in vivo (Hatalski
and Baram, 1997; Whitehead and Carter, 1997; WolX
et al., 1999; Hiroi et al., 2004). Phosphorylation of CREB
also induces recruitment of the coactivators CBP and
p300 to gene promoters (although the CRF promoter has
not been studied in this regard) which promote gene acti-
vation through their intrinsic histone acetyl transferase
activity and interaction with the RNA polymerase II
complex (see Mayr and Montminy, 2001; Johannessen
et al., 2004, for reviews). A highly conserved cAMP
response element (CRE) TGACGTCA is present in
the human CRF gene promoter centered at ¡224 bp
upstream of the transcription start site. This element can
confer cAMP-responsiveness to a heterologous pro-
moter, and mutation of this sequence abolished stimula-
tion by 8-bromo-cAMP or forskolin (Seasholtz et al.,
1988; Spengler et al., 1992). We have also shown that this
element in the frog CRF gene promoters is responsible
for cAMP pathway-mediated gene activation in vitro and
in vivo (Yao et al., 2007).

Several studies have shown that in the rat, CREB is rap-
idly phosphorylated in CRF neurons in response to various
stressors, preceding elevation of CRF expression in those
cells (Kovacs and Sawchenko, 1996b; Chen et al., 2001;
Bilang-Bleuel et al., 2002). We also showed in the frog that
exposure to a shaking stressor increased phosphorylated
CREB immunoreactivity in the POA by 20 min, and that
pCREB immunoreactivity (CREB-ir) colocalizes with
CRF-ir (Yao et al., 2007). Though indirect, these results
support the view that activation of CREB could contribute
to increased transcription of the CRF gene during the stress
response.

Microinjection of 8-bromo-cAMP into the PVN of rats
increased CRF mRNA content, while preinjection of
antisense oligodeoxyonucleotides to CREB blocked the
increase in CRF mRNA caused by insulin-induced
hypoglycemia (Itoi et al., 1996). We recently reported that
mutation of the CRE site abolished cAMP or and stressor-
dependent activation of the frog CRF promoter in transfec-
ted tadpole or frog brain (Yao et al., 2007). These data
provide strong support that the PKA/CREB pathway,
acting via the CRE site in the CRF promoter, plays a
critical role in stress-induced CRF expression in vivo.

Among the other CREB family members, interest has
focused recently on the inducible cAMP early repressor
(ICER) which may be responsible for turning oV stressor-
dependent activation of the CRF gene. Consisting of only
the DNA-binding domain and lacking the transactivation
domain of CREM, ICER is able to dimerize with CREB
and CREM and bind to a consensus CRE site, but does not
activate transcription. Instead, the protein functions as a
potent repressor of cAMP-induced transcription. Expres-
sion of ICER is induced by other CRE-binding proteins
such as CREB or CREM binding to the ICER promoter,
and it is the only member of the CREB family whose activ-
ity is regulated by its intracellular concentration rather
than by phosphorylation state. Induction of ICER it
thought to function as a feedback mechanism, turning
down the activation induced by the initial phosphorylation
of CREB or CREM (see Sassone-Corsi, 1995; Mio-
duszewska et al., 2003, for reviews). In unstressed rodents
ICRE-immunoreactivity was found in the paraventricular
nucleus in the hypothalamus (Conti et al., 2004; Kell et al.,
2004). Restraint stress caused an increase in ICER mRNA
and CREM recruitment to the CRF promoter in the PVN,
which could be responsible for the decline in CRF mRNA
Fig. 3. Schematic representation of the major pathways involved in the regulation of CRF gene transcription at the proximal promoter. PKA, protein
kinase A; PKC, protein kinase C; GC, glucocorticoid; GR, glucocorticoid receptor; GRE/AP1, composite glucocorticoid response element and AP1 (Fos/
Jun) binding sites; NGFI-B, nerve growth factor-induced gene B; NBRE, NGFI-B-response element; CRE, cyclic AMP-response element; CREB, CRE
binding protein; ICER, inducible cAMP early repressor; JNK, Jun N-terminal kinase. TATA box and transcription start site are indicated. Positive and
negative regulation are indicated as + and ¡, respectively.
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following its initial induction by stress (Shepard et al.,
2005). ICER was also increased in the hypothalamus fol-
lowing antidepressant treatment, and it is required for anti-
depressant treatment to reduce stress-induced elevations in
plasma corticosterone in mice (Conti et al., 2004). In addi-
tion, stressors induced expression of ICER mRNA in both
the pituitary and the adrenal gland (Della Fazia et al., 1998;
Mazzucchelli and Sassone-Corsi, 1999), suggesting upregu-
lation of ICER may be an integral component of the regu-
lation of the HPA axis, and perhaps a common mechanism
for feedback regulation of stress-activated gene expression.

3.2. Activator protein 1 (Fos and Jun)

The protein kinase C (PKC) pathway, acting through
the transcription factors Fos and Jun (originally termed
activator protein 1; AP-1), is also implicated in the transac-
tivation of the CRF gene. c-fos and c-Jun belong to the
family of immediate early genes (IEGs) that were Wrst iden-
tiWed based on their rapid and transient induction by
growth factors (McMahon and Monroe, 1992; Robertson,
1992). The induction of c-fos (mRNA and/or Fos-ir) has
been widely used as a marker for neuronal activation, and
for mapping the stress-response circuitry in the CNS (Cec-
catelli et al., 1989; Emmert and Herman, 1999; see HoVman
et al., 1993; Senba and Ueyama, 1997, for reviews). Studies
in rodents have shown that in response to a wide range of
stressors c-fos mRNA increased in several stress-related
structures including the PVN, central and medial amyg-
dala, bed nucleus of the stria terminalis, hippocampus, and
locus coeruleus (Ceccatelli et al., 1989; Imaki et al., 1992,
1993; Sawchenko et al., 1996; Emmert and Herman, 1999;
Watts and Sanchez-Watts, 2002). In agreement with Wnd-
ings in rodents, we also showed that Fos-ir was increased in
the POA of the frog following exposure to a shaking stres-
sor, and that Fos-ir was colocalized with CRF-ir (Yao
et al., 2004). These results suggest that AP-1 proteins may
play an evolutionarily conserved role in CRF gene
regulation in response to stressors.

In COS-7 or HD11 cells transfected with a human CRF
promoter–reporter construct, treatment with the phorbol
ester TPA, which activates the PKC pathway, increased
CRF promoter activity (Vamvakopoulos and Chrousos,
1993a; Van, 1993). Activation of the PKC pathway also
increased expression of the endogenous CRF gene as mea-
sured by mRNA levels in the human hepatoma cell line
NPLC, and in primary fetal rat hypothalamic cells (Eman-
uel et al., 1990; Adler et al., 1992; Rosen et al., 1992). The
eVect of TPA treatment on CRF promoter activity is cell
type-dependent, and is not observed in transfected AtT 20
or PC-12 cells; nor did TPA upregulate endogenous CRF
gene expression in primary cultures of rat amygdala (Van
et al., 1990; Rosen et al., 1992; Kasckow et al., 2003; A. F.
Seasholtz, personal communication; and M. Yao and R.J.
Denver, unpublished data). Increased CRF mRNA caused
by treatment of NPLC cells with TPA required de novo pro-
tein synthesis (Adler et al., 1992). In these cells TPA also
increased CRF mRNA size owing to a 3-fold increase in
the length of the poly(A) tail, which could potentially aVect
mRNA stability or translatability (Adler et al., 1992).

Several AP-1 binding sites are present in the 5� Xanking
region of vertebrate CRF genes (Vamvakopoulos and
Chrousos, 1994; Fig. 2), although Fos/Jun binding at each
of these sites has not been characterized. Two closely
located AP-1 sites overlap with three putative GRE sites,
and it was shown that both AP-1 proteins and GR can spe-
ciWcally bind to this region of the human CRF promoter
(Malkoski and Dorin, 1999). We have also found that GR
can bind to the homologous region of the frog CRF gene
(M. Yao and R.J. Denver, unpublished data). Furthermore,
mutational analysis suggests that this region is important
both for AP-1-mediated stimulation and for GR-mediated
repression of CRF promoter activity (Malkoski and Dorin,
1999). Composite AP-1/GRE sites have been found in a
number of genes, and opposing actions of AP-1 and GR
proteins at these sites have been demonstrated (e.g., prolif-
erin gene: Diamond et al., 1990; Miner and Yamamoto,
1992; �-fetoprotein gene: Zhang et al., 1991). Thus antago-
nism, or even cooperation, between Fos/Jun and GR (or
MR) may be a common regulatory phenomenon. This
hypothesis remains to be tested in the context of CRF gene
regulation.

Despite the Wndings that c-fos is induced in CRF neu-
rons by stressors in vivo, and that the PKC pathway can
activate CRF gene transcription in vitro, other studies
failed to Wnd evidence for a role for this pathway. Itoi and
colleagues (Itoi et al., 1996) observed no eVect on PVN
CRF mRNA levels following microinjection of TPA into
the PVN of conscious rats; conversely, i.c.v. injection of
antisense oligodeoxynucleotides directed against c-fos or
c-jun mRNA did not aVect activation of the CRF gene by
insulin-induced hypoglycemia (Itoi et al., 1996). Other stud-
ies also demonstrated that there is a delayed increase in
c-fos mRNA compared with CRF hnRNA in the PVN in
response to a stressor (Kovacs and Sawchenko, 1996a,b).
Furthermore, blockade of protein synthesis in rats pre-
vented induction of Fos, but had no eVect on CREB phos-
phorylation or CRF hnRNA expression in the PVN during
an acute stress response (Kovacs et al., 1998). These Wnd-
ings have led to the conclusion that the early upregulation
of CRF expression during the stress response does not
depend on Fos, at least not in the PVN (Kovacs and Saw-
chenko, 1996a,b; Kovacs et al., 1998). Instead, rapid phos-
phorylation of CREB appears to be primarily responsible
for the early induction of the CRF gene in the stress
response. The PKC pathway eVectors Fos/Jun may play a
role in the delayed regulation of CRF expression in
response to sustained or chronic stressors.

3.3. Corticosteroid receptors

Glucocorticoids play a critical role in the regulation of
both basal and stressor-induced CRF gene expression. The
actions of GCs on CRF expression vary with cell-type,
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physiological state and hormone dosage. Studies in rodents
found that administration of corticosterone decreased CRF
mRNA in the PVN, but increased CRF mRNA in the cen-
tral nucleus of the amygdala and the bed nucleus of the
stria terminalis (Makino et al., 1994a,b), suggesting tissue-
speciWc GC actions on CRF gene expression. Treatment of
NPLC cells with dexamethasone (DEX), a potent agonist
of the glucocorticoid receptor (GR), decreased endogenous
CRF mRNA. Dexamethasone reduced basal activity of an
8 kb upstream human CRF gene promoter–reporter con-
struct in transfected AtT20 cells (Adler et al., 1988; Rosen
et al., 1992). Dexamethasone also signiWcantly reduced
PKA pathway-dependent activation of the human proxi-
mal CRF promoter in AtT20 cells, and TPA-induced CRF
promoter activation in COS-7 and NPLC cells (Van et al.,
1990; Rosen et al., 1992; Vamvakopoulos and Chrousos,
1993a; Guardiola-Diaz et al., 1996; Malkoski et al., 1997;
King et al., 2002). By contrast, DEX enhanced PKA path-
way-dependent induction of CRF mRNA in PC-12 cells
and CRF promoter activity in transfected human placenta
cells (Guardiola-Diaz et al., 1996; Cheng et al., 2000b); but,
had no eVect on basal or forskolin-induced CRF expression
in primary amygdalar cultures (Kasckow et al., 1997).

The cellular targets, and the molecular mechanisms by
which GCs regulate CRF gene expression are incompletely
understood. As described above, the regulation of PVN
CRF expression is direct, likely involving GRE half sites
present in the CRF promoter, and also indirect, involving a
complex limbic circuit that includes the hippocampus and
perhaps the amygdala (see Tsigos and Chrousos, 2002; Zie-
gler and Herman, 2002, for reviews). Glucocorticoids can
also regulate CRF expression in these limbic structures, but
the character of the regulation may diVer from the PVN.
The direct actions of GCs on the PVN or limbic structures
in CRF gene regulation likely requires, in large part the
expression in these cells of GR or MR (Cole et al., 1995;
Tronche et al., 1999; Gass et al., 2000). However, there is
evidence that rapid actions of GCs on the hippocampus
and PVN are accomplished via mechanisms that do not
depend on transcriptional activation by these receptors (i.e.,
nongenomic mechanisms; see Chen and Qiu, 1999; Borski,
2000; Norman et al., 2004, for reviews; discussed below).

The direct actions of GR on target genes are character-
ized by either DNA-binding dependent, or DNA-binding
independent mechanisms. Several regions of the human
CRF gene have been found to be occupied by GR in vitro
using DNase I protection assay (Guardiola-Diaz et al.,
1996). One of these regions, the composite AP-1/GRE site,
was shown to be important for the inhibition of 8-bromo-
cAMP-induced activation of the CRF promoter by GCs in
transfected cells (Malkoski et al., 1997; Malkoski and
Dorin, 1999). We have found using electrophoretic mobility
shift assay (EMSA) that GR binds to the homologous
region of the frog CRF promoters (M. Yao and R.J. Den-
ver, unpublished data). However, it is not yet clear in any
species whether the direct regulation of CRF by GR is
exerted through DNA-binding to these putative GRE sites.
Several lines of evidence suggest that the DNA-binding
function of GR is critical for its transactivation function on
certain genes (Reichardt et al., 1998; Scott et al., 1998). By
contrast, GR repression of AP-1 or NGFI-B-dependent
transcription may not require direct interaction of GR with
the target gene, but rather depends on protein–protein
interaction (or “cross-talk”) to inhibit their transactivation
activity. In fact, GR was found to directly interact with
several transcription factors including AP-1 (Fos/Jun),
NGFI-B, CREB, and nuclear factor-�B (NF-�B) in vitro
(Diamond et al., 1990; Jonat et al., 1990; Yang-Yen et al.,
1990; Imai et al., 1993; De Bosscher et al., 1997; Martens
et al., 2005), and a functional DNA-binding domain is not
required for GR inhibition of AP-1 at the collagenase pro-
moter (Jonat et al., 1990; Schule et al., 1990; Yang-Yen
et al., 1990; Heck et al., 1994), or of NGFI-B at the POMC
promoter (Martens et al., 2005). In transgenic mice that
express a DNA-binding defective GR mutant the cross-talk
between GR and other transcription factors was not
impaired (Reichardt et al., 1998).

In addition to the direct protein–protein interaction
model, a competition mechanism has been proposed which
postulates that GR antagonizes other transcription factors
by competing for a limited amount of nuclear coactivators
such as CBP, p300, and steroid receptor coactivator (SRC)-
1 (Kamei et al., 1996; Aarnisalo et al., 1998; Sheppard et al.,
1998). However, other studies have argued against this
competition model by showing that repression of NF-�B
by GR was not limited by intracellular concentrations of
coactivators (De Bosscher et al., 2000; De Bosscher et al.,
2001).

The GR may also interfere with target gene transcrip-
tion indirectly by inhibiting activation of the c-Jun N-ter-
minal kinase (JNK), and MAPKs such as the extracellular
regulated kinase (ERK) and p38 (Caelles et al., 1997; Swan-
tek et al., 1997; Hirasawa et al., 1998; Lasa et al., 2001). In
cultured cells DEX increased expression of MAPK phos-
phatase MKP-1, an inhibitor of MAPKs (Kassel et al.,
2001; Lasa et al., 2002).

Another mechanism by which GCs may regulate CRF
gene expression is by modulating mRNA turnover. Treat-
ment of rat hypothalamic explants with corticosterone sig-
niWcantly reduced CRF mRNA half-life, suggesting that in
addition to their role as repressors of transcription, GCs
may also down-regulate CRF expression by decreasing
CRF mRNA stability (Ma et al., 2001).

3.3.1. Nongenomic mechanisms of GC signaling
In addition to the genomic mechanisms of GC actions,

nongenomic actions that are mediated by G-protein cou-
pled membrane receptors have also been shown (see Chen
and Qiu, 1999; Borski, 2000; Norman et al., 2004, for
reviews). At the level of the pituitary gland, GCs adminis-
tered to rats intravenously inhibited CRF-induced ACTH
secretion within 15 min, and this eVect was not blocked by
pretreatment with the GR antagonist, RU486 (Hinz and
Hirschelmann, 2000). Similar rapid inhibition by GCs on
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CRF-induced ACTH secretion was observed with pituitary
glands in perifusion culture (Widmaier and Dallman, 1984),
and DEX rapidly inhibited CRF-induced cAMP accumula-
tion and ACTH release by primary rat pituitary cells, an
eVect that could not be blocked by inhibition of protein
synthesis (Bilezikjian and Vale, 1983; Iwasaki et al., 1997).
At the hypothalamic level, DEX caused rapid suppression
of basal CRF release from rat hypothalamic explants in
perifusion culture (Suda et al., 1985).

In the hippocampus, corticosterone treatment rapidly
increased synaptic potentiation in the CA1 area in mouse
(Wiegert et al., 2006). Since hippocampal neurons project to
the PVN and are thought to inXuence CRF neurons
through a GABAergic inhibitory relay mechanism (Her-
man et al., 1995; Herman et al., 2002), GCs could rapidly
modulate activity of PVN neurosecretary cells by regulat-
ing hippocampal output. Taken together, these studies
highlight the potential for rapid, membrane mediated GC
feedback on HPA activity.

3.4. Nerve growth factor induced gene B (NGFI-B)

Nerve growth factor induced gene B (also termed
Nur77) is another IEG that is rapidly induced by exposure
to stressors. NGFI-B and the related protein Nurr1 are
orphan receptors belonging to the steroid/thyroid receptor
superfamily (Hazel et al., 1988; Milbrandt, 1988). Expres-
sion of NGFI-B was rapidly induced in the PVN of rats fol-
lowing acute footshock (Rivest and Rivier, 1994) or
capsaicin exposure (Honkaniemi et al., 1994), and in several
brain regions following seizure (Watson and Milbrandt,
1989). Injection (i.c.v.) of CRF also caused an increase in
NGFI-B mRNA in the PVN within 30 min, preceding the
increase in CRF mRNA in the same region (Parkes et al.,
1993). These results suggest that NGFI-B may be involved
in the stressor-dependent activation of hypothalamic
neurons.

The consensus NGFI-B binding site (NGFI-B response
element; NBRE) comprises a 9 bp sequence AAAAG
GTCA (Wilson et al., 1991). A NBRE with 1 bp diVerence
from the consensus sequence is present in the rat CRF pro-
moter (Wilson et al., 1991), but the functional signiWcance
of this element is unknown. Our comparative genomic anal-
ysis revealed a perfect NBRE in the X. laevis CRFb gene
promoter, and a highly conserved NBRE with 1 bp substi-
tution in the corresponding regions of the human, chim-
panzee, mouse, and X. laevis CRFa genes (Yao et al., 2007).
In the rat anterior pituitary cell line AtT20, treatment with
CRF or forskolin rapidly increased nuclear DNA-binding
activity of NGFI-B dimers (Maira et al., 2003). Similar
treatments of AtT20 cells induced NGFI-B expression, and
cotransfection with a NGFI-B expression vector resulted in
a strong stimulation of the activity of the ovine CRF and
POMC promoters in transfected AtT20 cells (Murphy and
Conneely, 1997; Kovalovsky et al., 2002). Treatment of the
mouse adrenocortical cell line Y1 with ACTH rapidly
induced NGFI-B mRNA, and expression of recombinant
NGFI-B signiWcantly increased the promoter activity of the
steroidogenic enzyme 21-hydroxylase gene in a dose-depen-
dent manner (Wilson et al., 1993). In addition, it has also
been shown that NGFI-B antagonizes the actions of GR
(Phillips et al., 1997; Okabe et al., 1998; Martens et al.,
2005). Taken together, NGFI-B (and possibly other family
members) may mediate stress-regulation of vertebrate CRF
genes in the hypothalamus, the POMC gene in the pituitary
corticotropes, and steroidogenic enzymes in the adrenal
glands, and thus coordinate the activity of the HPA/HPI
axis at multiple levels (Murphy and Conneely, 1997).

3.5. Other regulators of CRF expression

Other endocrine factors, in particular gonadal steroids,
have been shown to interact with the CRF system to coor-
dinate stress responses. For example, consensus estrogen
response elements (EREs) were identiWed in the human
CRF promoter, and shown to be capable of binding estro-
gen receptor (ER) and mediating estrogen’s stimulatory
eVects on gene expression in CV-1 cells (Vamvakopoulos
and Chrousos, 1993b). On the other hand, estrogen treat-
ment of transfected human placental cells down-regulated
basal and 8-bromo-cAMP-stimulated CRF promoter activ-
ity (Ni et al., 2004). Estrogen replacement of ovariecto-
mized monkeys resulted in elevation of CRF mRNA in the
PVN, an eVect that was abrogated by progesterone admin-
istration (Roy et al., 1999). These Wndings suggest that sex
steroids may regulate CRF gene expression in a tissue spe-
ciWc manner, and this direct regulation may explain, in
whole or in part the sexual dimorphism in basal CRF
expression, and gender diVerences in the stress response.

The repressor element silencing transcription factor/
neuron-restrictive silencing factor (REST/NRSF) is a zinc
Wnger transcription factor initially thought to repress neu-
ronal genes in nonneuronal cells by binding to the repres-
sor element-1/neuron-restrictive silencing element (RE-1/
NRSE) (Kraner et al., 1992; Mori et al., 1992; Chong et al.,
1995; Schoenherr and Anderson, 1995). Later work
showed a more complex regulation of gene expression by
REST/NRSF, suggesting that this protein may have func-
tions other than its role as a neuron-restrictive silencing
factor (Bessis et al., 1997; Kallunki et al., 1998; Palm et al.,
1998). A highly conserved putative RE-1/NRSE is present
in the intron of the CRF genes of human, rat, mouse,
sheep, and X. laevis (Seth and Majzoub, 2001). We also
identiWed a putative RE-1/NRSE site in the intron of the
chicken CRF gene (Table 1). The REST/NRSF binds to
the RE-1/NRSE site in the mouse/rat CRF gene and
represses transcriptional activity in heterologous transfec-
tion assays (Seth and Majzoub, 2001). It is possible that
REST/NRSF plays a role in the developmental and/or tis-
sue-speciWc expression of CRF gene but this hypothesis
has yet to be tested.

The POU-homeodomain protein Brn-2 has also been
implicated in the regulation of the CRF gene in the
hypothalamus. Brn-2 is required for the development of



210 M. Yao, R.J. Denver / General and Comparative Endocrinology 153 (2007) 200–216
hypothalamic CRF neurons in that homozygous Brn-2 null
mice lack CRF neurons (Schonemann et al., 1995). It binds
to the CRF promoter in vitro, and increases CRF promoter
activity in heterologous systems. It is not yet known
whether this transcription factor is involved in the stressor-
dependent regulation of the CRF gene (see Burbach, 2002,
for review).

Cytokines (interleukin-1, -2, and -6), GABA, and bio-
genic amines such as acetylcholine, serotonin, and norepi-
nephrine have also been shown to modulate CRF
expression in vitro and in vivo (see Itoi et al., 1998; Pisarska
et al., 2001, for reviews). However, the intracellular signal-
ing pathways induced by these factors, and the cellular pro-
cesses that are initiated leading to the regulation of CRF
expression have not been elucidated.

4. Conclusions and future directions

Corticotropin releasing factor plays a central role in
modulating the activity of the HPA/HPI axis, and in coor-
dinating behavioral and autonomic aspects of the stress
response in vertebrates. The expression of CRF in the
CNS is under complex regulation by endocrine and neu-
ronal signals. At the molecular level, the orchestrated
action of multiple intracellular signaling pathways and
transcription factors is required for transcriptional con-
trol of the CRF gene, but many of these pathways are
poorly understood. For example, despite progress on
identifying cis elements that mediate stressor-dependent
transcription, almost nothing is known about the gene
regulatory sequences that govern tissue speciWc or devel-
opmental gene expression. Comparative genomics pro-
vides a powerful tool for identifying conserved cis
regulatory elements important for developmental, tissue-
speciWc and stressor-dependent gene regulation. Future
studies that rely on the comparative method combined
with germline transgenesis in vertebrate model systems
with high throughput capacity such as Xenopus should
allow us to decipher the complex gene regulatory mecha-
nisms that inXuence CRF expression.

Table 1
Repressor element-1/neuron-restrictive silencing element (RE-1/NRSE)
sequences found within the introns of CRF genes of human, mouse, rat,
sheep, chicken, and Xenopus laevis (CRFa)

Highly conserved RE-1/NRSE sites are present in the introns of the
human, mouse, rat, sheep, and X. laevis (gene a) CRF genes (from Seth
and Majzoub, 2001). We also identiWed a putative RE-1/NRSE site in the
intron of the chicken CRF gene. We could not locate a conserved RE-1/
NRSE site in the intron of the X. laevis CRFb gene. The location of this
site within the CRF introns is highly variable among species.

Consensus TTCAGCACCACGGACAGCGCC

Human CRF –––––––––G–––––––––––

Mouse CRF –––––––––G–––––––––T–

Rat CRF –––––––––G–––––––––T–

Sheep CRF ––––––––T––––––––––––

Chicken CRF –––––––––G–––––––– –G–

Xenopus CRFa –––––––––––––––––––AA
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