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■ Abstract Since corticotropin-releasing factor (CRF) was first characterized, a
growing family of ligands and receptors has evolved. The mammalian family members
include CRF, urocortinI (UcnI), UcnII, and UcnIII, along with two receptors, CRFR1
and CRFR2, and a CRF binding protein. These family members differ in their tissue
distribution and pharmacology. Studies have provided evidence supporting an impor-
tant role of this family in regulation of the endocrine and behavioral responses to stress.
Although CRF appears to play a stimulatory role in stress responsivity through activa-
tion of CRFR1, specific actions of UcnII and UcnIII on CRFR2 may be important for
dampening stress sensitivity. As the only ligand with high affinity for both receptors,
UcnI’s role may be promiscuous. Regulation of the relative contribution of the two
CRF receptors to brain CRF pathways may be essential in coordinating physiological
responses to stress. The development of disorders related to heightened stress sensi-
tivity and dysregulation of stress-coping mechanisms appears to involve regulatory
mechanisms of CRF family members.

INTRODUCTION

CRF Receptors and Ligands

Corticotropin-releasing factor (CRF) was first characterized in 1981 (1). Since
then, a growing family of ligands and receptors has been discovered. First shown
to be important regulators of the endocrine stress response, this family of neuropep-
tides and receptors is now known to be involved in diverse roles of homeostatic
balance important in rapid mobilization of resources and behaviors for responses
to stress. In recent years, vast new endogenous functions have been attributed to
this family, including regulation of food intake and satiety, GI motility, vascular
tone and development, hearing, and cardiac function, demonstrating the ubiqui-
tous importance of the CRF family (3–13, 199). The mammalian family members
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include CRF, urocortinI (UcnI), UcnII, and UcnIII. These ligands differ in their
tissue distribution and receptor pharmacology.

Pharmacology of CRF Receptors

CRF receptors belong to the class B subtype of G protein–coupled receptors
(GPCR). CRFR1 and CRFR2 are produced from distinct genes and have sev-
eral splice variants expressed in various central and peripheral tissues. CRFR1
hasα andβ isoforms in addition to subtypes designated c–h, which have been
detected in human and rodent tissues. Several of these isoforms have been shown
to be nonfunctional [see (140) for detailed review of structural comparisons of re-
ceptor subtypes] (141–144). CRFR2 is expressed in three functional subtypes,α,
β, andγ (145). These isoforms differ in their N-terminal sequence as well as their
distribution in both tissues and species. Both CRFR2α and CRFR2β have been
detected in human and rodents (146, 147). However, to date, CRFR2γ has only
been reported in humans (148). There is nearly 70% identity between CRFR1
and CRFR2 at the amino acid level. As is consistent with other GPCR family
members, the transmembrane and intracellular domains of the CRF receptors have
the highest homology (over 80% identity) (145). The third intracellular loop is the
receptor region thought to interact with the G-proteins for most GPCRs. In the
CRF receptor family, the third intracellular loops are identical between receptors
(149, 150). Specific sites of ligand action on CRF receptors have been identi-
fied through mutagenesis and chimaeric-receptor studies in which the N terminus,
second and third extracellular domains, and N terminus juxtamembrane region
have been shown to be important in determining the ligand binding and receptor
specificity (151–155).

As a key stimulator of the stress response, CRF is found in the paraventricular
nucleus of the hypothalamus (PVN), central nucleus of the amygdala (cAmyg),
and hindbrain regions in the CNS, and in the gut, skin, and adrenal gland in the
periphery. UcnI is predominantly expressed in cell bodies of the Edinger Westphal
nucleus (EW) in the brain (14). In the periphery, it has been found in the gastroin-
testinal tract (GI), testis, cardiac myocytes, thymus, skin, and spleen. Both CRF
and UcnI have high affinities for the CRF binding protein (CRF-BP). The most re-
cently cloned ligand family members, UcnII and UcnIII, are also found in the CNS
and periphery. UcnII (also known as stresscopin related peptide) is expressed in the
hypothalamus, brainstem, and spinal cord in the CNS, and in the heart, blood cells,
and adrenal gland in the periphery (15, 16). UcnIII (also known as stresscopin)
expression has been found in the hypothalamus and amygdala in the CNS, and in
the GI and pancreas in the periphery (16, 17). Neither UcnII nor UcnIII binds the
CRF-BP. These ligand family members act via their two known receptors, CRFR1
and CRFR2. These receptors are seven transmembrane, G protein–coupled, and
predominantly linked to the activation of adenylate cyclase through Gs [although
recent evidence has suggested possible tissue-specific promiscuous signaling of
these receptors through other second messenger systems (18, 19)]. CRFR2 has
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two splice variants, CRFR2α and CRFR2β, found in rodents and humans, as well
as a third variant found only in humans, CRFR2γ (20, 21). Although CRF has
tenfold higher affinity for CRFR1 than for CRFR2, UcnI has equal affinities for
both receptors (22). UcnII and UcnIII appear to be selective for CRFR2, although
UcnII may activate CRFR1 at higher concentrations. The tissue distribution of
these receptors has aided in the delineation of their endogenous functions. Both
receptors are found in the CNS, with CRFR1 being more pervasive (23). CRFR1 is
distributed throughout the cerebral cortex, cerebellum, olfactory bulb, medial sep-
tum, hippocampus, amygdala, and pituitary (24). Central CRFR2 is predominantly
limited to sites in the lateral septum and hypothalamus, but is widely expressed
in peripheral tissues, including the heart, GI, lung, skeletal muscle, and vascula-
ture (20, 22, 25). The choroid plexus is also a major site of CRFR2 expression. It
appears to be the coordinate adaptive functions of these two receptors that act to
maintain homeostatic balance in response to stress.

The CRF-BP is a 37-kDa N-linked glycoprotein expressed in rodent and primate
brain and pituitary (24, 26–29). In humans, CRF-BP is found in the liver and
in the circulation, where it inactivates CRF and has been proposed to prevent
inappropriate pituitary-adrenal stimulation during pregnancy (27). The association
of CRF with its binding protein forms a dimer complex (CRF2/BP2) and is thought
to modulate the endocrine activity of CRF (30). Recombinant CRF-BP has been
shown to block CRF-induced adrenal corticotrophic hormone (ACTH) secretion
from rat anterior pituitary cells (27). CRF-BP has also been detected in brain
regions not associated with CRF activity, suggesting that it may also have CRF-
independent actions.

The CRF family of ligands and receptors has been implicated in the regula-
tion of stress responsivity and behaviors associated with these responses. As this
plethora of attributable behaviors has seen tremendous growth in recent years due
to the discovery of new ligands and the generation of transgenic mouse models,
for brevity we review data most closely related to hypothalamic-pituitary-adrenal
(HPA) axis stress responses, including anxiety and depression. We compare results
obtained from peptide administration to those from genetic mouse models. These
studies may support the continued search for as yet undiscovered CRF receptors
and ligands whose detection will no doubt fill in the gaps.

ENDOCRINE STRESS RESPONSE

Stress has been defined biologically as various physiologic alterations, including
homeostatic imbalances and activation of the pituitary adrenal axis. During a stress
response, CRF activates the HPA axis, acting at CRFR1 on anterior pituitary corti-
cotropes to stimulate the release of ACTH. ACTH then enters the blood stream and
acts at receptors in the adrenal gland cortex to stimulate the synthesis and releases
of glucocorticoids. A prominent negative-feedback system acts to inhibit further
CRF production and release from the hypothalamus. Vasopressin (AVP) has been
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shown to act synergistically with CRF to augment the release of ACTH in rodents
and humans, suggesting that AVP may also play a physiologic role in modulating
the ACTH response mediated by CRF (31–34). These studies demonstrated, using
specific AVP receptor antagonists, that the actions of AVP on corticotropes were
primarily mediated through vasopressin V1b receptors (33). There are many levels
at which the HPA axis is regulated and the stress response can be affected. Acute
responses to stress are necessary in order to maintain homeostasis in the organism.
However, chronic stress or dysregulation of this system can lead to cell death,
mood and affective disorders, and other diseases. CRF has also been implicated
in allostasis, the ability of an organism to maintain stability through change, as a
critical component by which organisms actively deal with stress in their environ-
ment. Results from experimental modulation of components of the HPA axis have
helped decipher specific roles for each of these receptors and ligands.

Agonist and antagonist studies as well as transgenic and knockout mouse mod-
els have confirmed the importance of CRF family members in the HPA axis stress
response (see Table 1). Direct infusion into the brain or peripheral administration
of CRF or UcnI generates a potent release of ACTH from the pituitary (14, 33,

TABLE 1 Summary of stress and anxiety measures in transgenic and knockout mice

HPA Axis

Condition Basal Stress Anxiety Other behaviors analyzed References

ICV CRF ↑ ↓ ↑∗ ↑∗ Learning/memory, feeding, (60)
fear, reproduction

ICV UcnI ↑ NE ↑∗ Feeding, learning/memory (3, 169)

ICV UcnII NE NE ↓ Feeding (13, 83)

ICV CRF ↓ ↓∗ ↓∗ Depression, feeding (2, 93, 199)
Antag (R1)

ICV CRF ↑↓ ↑↓− ↑↓ Feeding (60, 181)
Antag (R2)

CRFR1 KO ↓ ↓ ↓ Learning/memory#, (70, 71,
alcohol addiction 116, 212)

CRFR2 KO − ↑ ↑ Depression, feeding# (74–76)

CRFR1/R2 KO ↓ ↓ ↑↓ Grooming# (73, 77)

CRFKO ↓ ↓ − Grooming, feeding# (46)

CRF Tg ↑ ↓− ↑ Reproduction# (43, 45)

CRF-BP KO − − ↑ Weight gain (69)

CRF-BP Tg − ↓ ↑ Feeding, locomotor activity (67, 68)

UcnI KO − − ↑− Hearing (11)

∗Reviewed in Reference 60.
#Reviewed in Reference 128.
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34, 207). Peptide and small-molecule antagonists of CRFR1 have been well doc-
umented to decrease or blunt this hormone release following a stress response in
humans and animal models while not diminishing basal hormone levels (36–41). In
one study, chronic administration of a CRFR1 antagonist (CRA1000) at a low dose
of 10 mg/kg in rats did not affect basal HPA axis hormone levels, but effectively
decreased the maximal stress response for both ACTH and corticosterone (40).

The role CRFR2 plays in the endocrine stress response remains unclear, but has
been examined by intracerebroventricular (icv) antagonist infusion and knockout
mouse models. Central administration of the CRFR2 peptide antagonist
antisauvagine-30 (ASV-30) in mice has been shown to produce little effect on
the ACTH response to or recovery from a restraint stress (187). Interestingly, in
this study there was an inhibitory effect of the lower dose of ASV-30 on ACTH
release with no restraint stress, which is reversed with a tenfold higher dose of
ASV-30. Further studies are necessary to better elucidate the effects of CRFR2
antagonism on HPA axis stress responses.

CRF-OE

Transgenic mice centrally overexpressing CRF (CRF-OE) were developed to study
the effects of chronic HPA axis activation (43). These mice developed Cushing’s
syndrome–like symptoms due to constitutive heightened production of ACTH and
corticosterone. Delayed and attenuated HPA axis hormone responses to stress
that may result from desensitization of the HPA axis were also reported in these
mice (44). More recently, a second line of CRF-OE mice has been generated
(45). These mice were produced utilizing a Thy-1 promoter construct that drives
constitutive transgene expression in postnatal and adult neurons. Similar to the first
line of CRF-OE mice, these mice also showed elevated basal plasma corticosterone
levels. Unlike the first line of overexpressing mice, the Thy-1 generated mice had
normal basal ACTH levels and normal hormone levels in response to stress (45).
As usage of the Thy-1 promoter causes elevated gene expression in many brain
regions normally not expressing CRF, these results may not represent a true model
of stress hyperresponsivity.

CRF-KO

To further investigate the involvement of CRF in the HPA axis stress response,
mice deficient for CRF (CRF-KO) were developed (46). These mice confirmed
the importance of CRF in the stress response pathway, as both basal and acute
stress exposed plasma corticosterone levels were significantly blunted in the ab-
sence of CRF. This group went on to further characterize these mice in several
studies, demonstrating that while UcnI distribution is normal, its mRNA expression
level is elevated in the EW in the absence of CRF (47, 48). These studies also re-
vealed an elevation of UcnI in the EW following acute stress exposure, which
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was blocked with glucocorticoid pretreatment, while not affecting basal UcnI
expression. These results may suggest dual regulatory mechanisms for UcnI ex-
pression, where a low basal expression is insensitive to HPA axis regulation,
whereas a higher expression pattern is tightly regulated by glucocorticoids and
stress. A blunted or absent HPA axis stress response to footshock and interleukin
exposure has also been demonstrated in these mice (49). These data clearly sup-
port the critical role CRF plays in mediation of the HPA axis stress response
and the deficiency for developmental compensatory mechanisms for this path-
way. Perhaps actions of the autonomic stress response in these mice may have
developed as a means for compensation in the absence of an endocrine response.
To examine the role of CRF in stress-induced release of epinephrine and nore-
pinephrine, CRF-deficient mice were compared to wild-type littermates (50). In
keeping with numerous results obtained from passive immunoneutralization of
CRF, this study found that in the absence of CRF, mice produced delayed and
reduced epinephrine and elevated norepinephrine plasma levels as a result of re-
duced adrenal phenylethanolamine N-methyltransferase (PNMT) expression and
enzymatic activity. Glucocorticoid insufficiency in the CRF-KO mice was shown
to be responsible for this reduction. These results suggest that in the absence of
a normal HPA axis stress response, as found in CRF-deficient mice, endocrine
factors also influence the autonomic stress response. Previous findings support an
important role for CRF in activation of the autonomic nervous system, including
activation of norepinephrine-containing sites as well as other key neurotransmitters
important for mood regulation (51–59, 61–65, 198, 203).

UcnI-KO

Unlike CRF-deficient mice, mice deficient in UcnI (UcnI-KO) display normal
basal and stress-stimulated HPA axis plasma hormone levels (11, 66). Two sepa-
rate groups have generated UcnI-deficient mice using homologous recombination
technology. One study demonstrated normal plasma ACTH and corticosterone
levels following a time course of restraint stress (11). The second group revealed
additional normal autonomic responses to stress, including plasma corticosterone,
epinephrine, and norepinephrine, as well as changes in heart rate (66). Analysis of
gene expression for other CRF family members in these mice found no change in
CRF mRNA levels in the PVN (66) and a slight decrease in CRFR2 expression in
the lateral septum (11). Results from these studies suggest that UcnI may not be a
critical component of the HPA axis stress response or in stress-induced autonomic
control.

CRF-BP-OE

As further testimony to the resiliency of the CRF/HPA axis interaction, trans-
genic mice overexpressing the CRF-BP (CRF-BP-OE) showed little alteration in
basal or stress-induced plasma hormone levels in either of the two lines generated
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(67, 68). Ubiquitous overexpression using the metallothionein-I promoter resulted
in increased CRF-BP expression in the brain, pituitary, and peripheral tissues, in-
cluding liver, kidney, and spleen (67). A significant attenuation of ACTH secretion
was detected in male transgenic mice 3 h following a systemic inflammation stress.
No differences were detected at earlier time points or in female mice. Although
high levels of circulating CRF-BP were detected in these mice, no differences were
found in basal HPA axis hormone levels. Specific overexpression of CRF-BP in
the anterior pituitary was accomplished utilizing the pituitary glycoprotein hor-
mone alpha-subunit promoter (68). These transgenic mice also have normal basal
ACTH and corticosterone levels and a normal response to an acute restraint stress.
However, increased levels of CRF and AVP were detected in the PVN of these
mice, suggesting a compensation of increased ligand expression to overcome the
increased production of CRF-BP.

CRF-BP-KO

Further exploration into the role of CRF-BP in regulation of the HPA axis stress
response has been assessed using a mouse model of CRF-BP deficiency (CRF-
BP-KO) (69). Basal ACTH and corticosterone levels are normal in CRF-BP-KO
mice. Further, these mice show increases in HPA axis hormone levels in response
to acute restraint stress similar to those of their wild-type littermates. When taken
together, basal and stress-induced HPA axis hormone level results from CRF-BP-
KO mice and CRF-BP-overexpressing mice suggest that CRF-BP is not a critical
component in regulation of the stress response and that only under chronic stress
exposure does it influence hormone production.

CRFR1-KO

The importance of CRFR1 in regulation of the HPA axis stress response is also
evident in the examination of CRFR1-deficient (CRFR1-KO) mice. Two indepen-
dent lines of CRFR1-KO mice have been generated. Both lines have demonstrated
that in the absence of CRFR1, mice show a blunted response to restraint stress
as revealed by a minimal increase in plasma ACTH and corticosterone compared
to the significant release seen in wild-type littermates (70, 71). However, despite
the diminished HPA axis hormonal stress response, basal levels in these mice are
not different from wild-type levels. One study found that PVN AVP mRNA and
protein levels were elevated in the CRFR1-deficient mice, thus suggesting that in
the absence of CRFR1, AVP V1a receptors maintain a compensatory activation of
basal HPA axis hormone levels (72). Other studies examining these mice, however,
have detected no increases in AVP protein or mRNA expression in the PVN in the
absence of CRFR1 (70, 73).
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CRFR2-KO

Three independent laboratories developed mice deficient for CRFR2 (CRFR2-KO)
(74–76). Although all three lines showed that CRFR2-KO mice have normal basal
levels of ACTH and corticosterone and a normal circadian rhythm of hormone
levels, two lines revealed the heightened sensitivity to stress of these mice (74,
75). CRFR2-KO mice exposed to a restraint stress showed rapid and elevated
ACTH levels compared to the control animals. Similarly, corticosterone levels
in the CRFR2-KO mice were significantly elevated following 2 min of restraint,
compared to wild-type levels where an increase was detected following 5 min of
the stress. These results demonstrating an elevated sensitivity of the HPA axis to
stress in CRFR2-KO mice suggest that this receptor may function endogenously
to dampen or modulate the stress response associated with CRFR1 activation.
Other studies have shown that the recovery following stress is different in CRFR2-
KO mice (75). Corticosterone levels in CRFR2-KO mice were still significantly
elevated 90 min following exposure to a 5-min restraint stress when compared to
wild-type levels. These results support a counteracting role for CRFR2 in the HPA
axis stress response. Interestingly, no differences were found in basal CRF mRNA
or protein levels in the PVN in CRFR2-KO mice (74, 75). However, we have
found increased expression levels of AVP in the PVN, which may be augmenting
the CRF response in these mice and thus resulting in the increased sensitivity and
hormone levels detected (73).

CRFR1/2-KO

The response to stress in mice deficient for both CRF receptors (CRFR1/2-KO) has
also been examined. In the absence of either known receptor, mice display remark-
ably little HPA axis response to a restraint stress (73, 77). ACTH and corticosterone
levels following restraint stress are significantly lower in the CRFR1/2-KO mice
compared to CRFR1-KO mice, suggesting a possible role of CRFR2 in mediation
of HPA-axis sensitivity (73). Although CRFR1 is abundantly expressed in anterior
pituitary corticotropes, CRFR2 is not, thus suggesting a possible new involvement
of CRFR2 in HPA axis activation that may occur upstream of corticotropic cell
stimulation, possibly in CRF cell bodies within the hypothalamus. Basal plasma
levels of ACTH do not differ between groups, but we detected significantly lower
basal morning plasma corticosterone levels in the double receptor-deficient mice
compared to CRFR1-KO mice. Additional analyses of the HPA axis in mice de-
ficient for both CRF receptors have also shown a deficiency in their response to
restraint stress or social defeat stress (77). Taken together, these data suggest that
both CRF receptors may participate in the maintenance and regulation of home-
ostasis in response to stress activation.

CRF mRNA and protein levels are elevated in the absence of CRFR1 (70, 73,
77). This increased expression of CRF is partially due to decreased endogenous
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corticosterone negative feedback in the absence of CRFR1, as glucocorticoid
replacement diminishes the increased CRF expression in these mice (73). How-
ever, CRF levels still remain elevated compared to wild-type mice, suggesting an
additional regulatory mechanism for CRF expression that may involve CRFR2.
AVP mRNA and protein levels are also elevated in the CRFR1/2-KO mice
(73, 77).

These studies support a hypothetical model in which CRFR1 and CRFR2 may
play important and opposing roles in regulation of organismal responses to stress
and perturbations of homeostasis. This model suggests that following a challenge,
CRF activation of CRFR1 stimulates the HPA axis and sympathetic nervous system
in order to maintain physiologic equilibrium under acute perturbations for energy
mobilization and redistribution and may also function in allostasis under more
chronic insults. CRFR2, however, may function as an inhibitory or modulatory
receptor activated by UcnI, -II, or -III to dampen these actions of CRFR1.

ANXIETY

CRF has been proposed to have an involvement in the development of anxiety-
related and mood disorders. Studies have found that dysregulation of CRF or its
family members in stress responsivity can lead to the onset of anxiety-like behav-
iors and depression. Evidence from research and clinical investigations demon-
strates that depression encompasses a profound neurocircuitry failure. The central
nucleus of the amygdala, Barrington’s nucleus, locus coeruleus, and the dorsal
raphe are possible sites involved in CRF actions and important regulators in en-
docrine control of behaviors symptomatic of anxiety and depression. Strong evi-
dence links stress and the sensitivity of the individual to stressful encounters to the
development of depression. A large body of evidence now ties CRF to the devel-
opment of depression (78–82). Studies researching the involvement of CRF and
its family members in stress responsivity have utilized antisense oligonucleotides,
antagonists, and transgenic mouse technologies to discern specific roles for these
neuropeptides and receptors.

Agonist/Antagonist Studies

Evidence in support of this model has shown that central administration of the
CRFR2-specific ligand UcnII decreases stress-stimulated anxiety-like behaviors
in rats (83). The mechanism for this response is unknown, but the delay in ef-
fectiveness indicates that activation of CRFR2 likely requires downstream effec-
tors to dampen the behavioral stress response. Alternatively, UcnII permeation
from ventricle application to access CRFR2-expressing brain sites involved in
stress-induced behavior may require more time. In support of an anxiolytic role
for CRFR2, a second study has shown that antagonism of CRFR2 by icv infu-
sion of ASV-30 in mice revealed increased anxiety-like behaviors as measured by
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significantly decreased time and entries in the open arms of the elevated plus maze
(76). However, other studies utilizing antagonists for CRFR2 have reported con-
flicting results, showing either no effect or an anxiolytic effect (42, 84–86). The
behavioral effects of CRFR2 antagonists seem to be variable and dependent on
injection site, dose, time, stress, and behavior measured. These conflicting reports
using CRFR2-specific agonists and antagonists no doubt support the existence of
a complex regulation of stress responsivity and may indicate heterogeneous and
diverse roles for CRFR2 (see Table 1).

Despite the conflicting evidence as to the role CRFR2 plays in mediating stress-
induced behaviors, there remains little question that CRFR1 activation is a key
component in the development of anxiety (7, 60, 87–92, 169). These studies have
well characterized the behavioral effects of infusions of CRF or UcnI as well
as CRFR1 antagonists. An interesting dichotomy of CRF-stimulated anxiety-like
behaviors is found in its activation of locomotor activity when measured in a
familiar environment (94–97), but suppression of exploration in an unfamiliar one
(94, 98–101). These effects on locomotion appear independent of the HPA axis, as
hypophysectomy or pretreatment with glucocorticoids does not block the behavior
(102). Administration of a CRF antagonist has been shown to block this locomotor
response (88).

The recent development of CRFR1-specific small-molecule antagonists by sev-
eral different groups for possible treatment of anxiety- and depression-related
disorders has spurred an interest in defining the specific stressors and pathways
involved in CRFR1-mediated anxiety by preferentially antagonizing CRFR1 (37–
41, 103–108). Small molecules readily cross the blood-brain barrier, thus making
their experimental administration of greater ease than peptides that must be infused
directly into the ventricle or brain region of interest. Results have demonstrated
an antidepressant action of the CRFR1-specific small-molecule antagonist anta-
larmin in the forced swim test for depression (106). Studies have demonstrated
an involvement of unimpeded CRFR1 activity or increased production of CRF
with the development of anxiety-like or depression-like behaviors in rodents and
humans (80, 82, 106, 109, 110). These studies have also shown that treatment of
these disorders can be accomplished without disruption of normal circadian HPA
axis hormone production while still squelching peak hormone responses to stress
(39, 40). These results provide promise for future drug development and treatment
of CRF-related anxiety disorders.

Antisense Studies

Studies in which antisense oligonucleotides have been infused into the brain have
produced variable results. This methodology allows the investigator to suppress
the expression of a receptor or ligand in a specific brain region in order to examine
the function of that protein by the behavior/physiology produced in its absence.
Ideally, the decrease in expression should be large enough as to have a measurable
effect. Controls for such experiments are normally sense, missense, or scrambled
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oligonucleotides. Conclusions regarding CRFR1 antisense studies have generally
shown results similar to those produced by pharmacological or genetic approaches.
A study in which CRFR1 expression was diminished by 10%–12% compared to
vehicle or missense controls produced effects in the defensive-withdrawal test such
that rats with decreased CRFR1 in the frontal cortex and amygdala spent less time
in the protective chamber and showed a shorter latency to emerge from the chamber
(111). In this same study, animals infused with CRFR2 antisense oligonucleotides
in which CRFR2 expression was reduced in the septum and amygdala by 20%
were not different from vehicle- or missense-treated animals in the defensive-
withdrawal test. However, locomotor activity did appear to be increased in the
antisense groups. Despite the effects obtained in the defensive-withdrawal test,
neither CRFR1 nor CRFR2 antisense infusions produced a behavioral effect on
the elevated plus maze. As all of the oligonucleotide infusions in this study caused a
reduction in body weight that was not seen in the vehicle-infused animals, concrete
conclusions regarding activity and anxiety are difficult to make. In a second anti-
sense study, oligonucleotides designed against CRFR1 or CRFR2 were infused icv
into male rats and their responses measured on anxiety and depression tests (112).
The CRFR1 antisense-infused rats displayed a substantial increase in anxiolytic-
like behavior on the elevated plus maze, with a 20% increase in the number of
entries and a 15% increase in the amount of time spent in the open arms. No dif-
ference was detected on the elevated plus maze for rats infused with the CRFR2
antisense oligos. In the Porsolt forced swim test for depression, rats infused with
CRFR1 antisense oligos showed no differences in time spent immobile nor in their
latency to the first float reaction. However, rats infused with antisense oligos to
CRFR2 increased the percentage time spent immobile as well as decreased the
latency to the first float. These results suggest that CRFR2 is directly involved in
mediation of stress coping, in opposition to CRFR1 involvement in stress-inducing
behaviors.

CRF-OE

CRF-OE mice have provided a valuable tool for examining the effects of elevated
CRF on behavioral stress-responsivity. Studies in these mice have shown increased
anxiety-like behaviors in the elevated plus maze and light-dark box, as well as de-
creased locomotor activity in a novel environment and decreased sensorimotor
performance on a rotorod (109, 113, 114). Further, examination of specific spon-
taneous behaviors in the home cage were shown to be significantly decreased,
including locomotor activity, time spent rearing, and time spent digging, and time
spent grooming was increased compared to control mice (114). These changes in
behavior are a reflection of increased anxiety in these mice. However, in a novel
environment, CRF-OE mice display hypoactivity (109, 114). This phenotype is not
detected in a familiar environment, suggesting a connection between stress activa-
tion, anxiety, and locomotor activity. CRF-OE females also display significantly
diminished sexual receptivity compared to wild-type mice (113). This is further
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evidence of elevated anxiety levels specific to CRF overexpression, as central CRF
infusion produces similar effects in female rats (115).

CRF-KO

Despite strong evidence in support of CRF involvement in anxiogenic behaviors,
CRF-KO mice display normal behavioral responses to stress (47, 49). CRF-KO
mice exhibit normal decreases in activity in a multicompartment chamber (MCC)
following restraint and CRF icv infusion (47). Further, no differences were found
for basal or restraint behavioral responses for time or entries in the open arms of
an elevated plus maze, or line crossings and rearings in an open-field test in these
mice compared to controls (47, 49). CRF-KO mice also display normal startle-
and fear-conditioned responses to stress stimuli. No difference was found between
CRF-KO mice and controls for levels of shock-induced freezing. Interestingly,
infusion of a specific CRFR1 antagonist (CP-154,526) blocked this shock-induced
freezing equally well in both CRF-KO and wild-type mice, demonstrating that
although activation of CRFR1 is necessary for the behavioral response, CRF itself
is not (47). Although UcnI mRNA in the EW nucleus is elevated in CRF-KO
mice, no alterations in central UcnI cellular expression patterns were detected
(47, 48). As the CRFR1 antagonist blocks anxiety-like behaviors in the CRF-KO
mice, and as the fiber distribution of the only other known mammalian CRFR1
ligand, UcnI, does not indicate a direct activation of known pathways involved in
behavioral responses to stress, might other as yet undiscovered CRFR1 ligands
exist? Certainly, it remains possible that UcnI could activate CRFR1-containing
brainstem nuclei and thus indirectly stimulate anxiety-like behaviors via a direct
action on autonomic stress systems. However, behavior data from UcnI-KO mice
suggest this is not the case and, in fact, support the existence of additional CRFR1
ligands (11).

UcnI-KO

We have found a significant increase in anxiety-like behaviors in the UcnI-KO
mice (11). Mice deficient for UcnI spent less time and made fewer entries into the
open arms of the elevated plus maze compared to wild-type mice. Further, these
mice also spent less time in the inner squares in the open-field test compared to
wild-type mice. No differences in either test were found for locomotor activity as
measured by total number of entries in the plus maze and total square crossings in
the open-field test. However, these mice were shown to have a significant auditory
deficit. A second line of UcnI-deficient mice reported no differences in anxiety-
like behaviors in the elevated plus maze, open-field test, or light-dark emergence
test (66). However, an impairment in acoustic startle was detected in these mice.
Although the genetic background of both lines of UcnI-KO mice appears to be
similar, differences in housing prior to testing and sexes tested can certainly cause
conflicting results.
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CRF-BP-OE

The ubiquitous CRF-BP-OE mice have not been tested for anxiety-like behav-
iors. Interestingly, mice overexpressing CRF-BP only in the pituitary demonstrate
increased locomotor activity in a familiar environment (68). Against prediction,
mice overexpressing the CRF binding protein in a limited capacity in the pituitary
show a tendency toward anxiolytic-like behaviors with more entries and time in
the open arms of an elevated plus maze. Total arm entries were also significantly
greater for the CRF-BP-OE mice compared to controls. As CRF increases loco-
motor activity in a familiar environment, and suppresses it in an unfamiliar one,
these data would suggest that brain CRF levels are elevated in regions important for
stress-stimulated locomotor activation. Certainly, CRF mRNA levels are increased
in the PVN in these mice. The expression levels of CRF in other brain regions as
well as that of other CRF family member have not been analyzed to date.

CRF-BP-KO

The CRF-BP-KO mice display an expected increase in anxiety-like behaviors (69).
These mice spent less time and made fewer entries into the open arms of an elevated
plus maze, made fewer exits out of the dark chamber in a defensive withdrawal
test, and had a significantly greater latency to first exit the dark chamber. Although
statistical significance was not reached, a trend in the data shows that the CRF-BP-
KO mice also spent less time and made fewer crosses into the center of an open
field. These behavioral responses are likely the result of increased free CRF or
UcnI in the absence of the binding protein, which is thus able to more easily acti-
vate CRF receptors and increase stress-induced anxiety-like behaviors. Although
these results suggest an important regulatory role for CRF-BP in possible “damp-
ening” functions in stress-induced behaviors, expression levels and comparisons
of unbound CRF ligands have not yet been well characterized in these mice.

CRFR1-KO

Mice deficient for CRFR1 display the predicted phenotype of anxiolytic-like be-
havior and impaired stress-responsivity (70, 71). CRFR1-KO mice spend signifi-
cantly more time on and make more entries into the open arms of an elevated plus
maze as well as spend significantly more time out of the chamber in the dark-light
emergence task (70). These mice also show a decreased latency to enter the lit
compartment in the light-dark box test as well as increased time spent in the light
compared to wild-type mice (71). The CRFR1-KO group had more entries into
the lit compartment and fewer animals avoiding the lit compartment. During alco-
hol withdrawal, the KO mice demonstrate increased anxiety-like behavior when
compared to their basal responses. However, this response is minimal and remains



30 Nov 2003 16:13 AR AR204-PA44-22.tex AR204-PA44-22.sgm LaTeX2e(2002/01/18)P1: GCE

538 BALE ¥ VALE

below that of the wild-type basal level. These results obtained from global deletion
of CRFR1 confirm previous studies for an anxiogenic role for this receptor. Inter-
estingly, one study did find an increase in locomotor activity for the CRFR1-KO
mice (71) that a second study did not detect (70). An explanation for this discrep-
ancy has not been examined to date. A recent study examined alcohol consumption
in the CRFR1-KO mice following exposure to stress. This study found that these
mice display enhanced and delayed alcohol consumption compared to wild-type
mice (116). Although these results suggest that alterations in CRFR1 may consti-
tute a genetic risk factor for stress-induced alcohol consumption and alcoholism,
the direct effects of decreased glucocorticoid production during stress (owing to
deficient adrenal glands in the CRFR1-KO mice) on alcohol addiction cannot be
ruled out (117). In opposition to the previous findings in CRFR1-KO mice, others
have found that CRFR1 antagonist pretreatment of alcohol-withdrawn rats prior to
a stress exposure inhibited alcohol-seeking reinstatement (118). A recent study has
also found elevated levels of grooming in CRFR1-KO mice during examination of
behavior in their home cage (119). As increased grooming is usually categorized as
an anxiety behavior, this finding goes against the absence of CRFR1 producing an
anxiolytic-like phenotype. An increase in grooming behavior may provide clues as
to the specific endogenous functions attributable to CRF receptors in stress-related
behaviors. Increased grooming behavior has also been reported for CRF-OE and
CRF-KO mice (47, 49, 114) and in CRFR1/2-KO mice (73). Perhaps these data
show that grooming behavior is more of a sign of central CRF dysregulation than
a true indicator of anxiety.

CRFR2-KO

Similar to results showing increased stress sensitivity in these mice, our studies
also found an increase in anxiety-like behaviors (74). Results from examination
on an elevated plus maze showed that both male and female CRFR2-KO mice
spent less time on and entered less frequently the open arms of the elevated plus
maze compared to wild-type mice. The increase in anxiety-like behavior was not
due to altered locomotor activity, as overall activity in the closed-arm entries
and total-arm entries was not different between the two genotypes. Results from
the open-field test also showed increased anxiety-like behaviors. The CRFR2-KO
mice spent less time in and displayed a lower percentage of inner square crosses
than did wild-type mice. Unlike the robust differences in anxiety-like behaviors
detected in the elevated plus maze and open-field tests in our line of CRFR2-
KO mice, discrepancies in other lines have reported differences in anxiety-like
behaviors only in male CRFR2-KO mice (76) or have demonstrated similar trends
in behaviors that did not reach statistical significance (75). These differences are
likely due to differences in genetic background between lines of mice.

As a possible animal model of depression, we have examined CRFR2-KO mice
for depression-like behaviors in the forced swim test. Male and female CRFR2-KO
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mice showed increased immobility as an indicator of depression compared to
wild-type mice of the same sex. CRFR2-KO mice also displayed lower levels
of swimming and climbing behaviors compared to wild-type mice. Treatment of
CRFR2-KO mice with the CRFR1 antagonist, antalarmin, decreased immobile
time and increased swimming and climbing time in both sexes. As differences
in these behaviors in the forced swim test are good indicators of serotonergic
and catecholaminergic involvement, our results may reveal an interaction of CRF
pathways with other known antidepressant systems, and may further support an
involvement of CRF receptors in the development of depression such that elevated
CRFR1 activity, in the absence of CRFR2, increases depression-like behaviors.

We have reported increased CRF mRNA levels in the central nucleus of the
amygdala in CRFR2-KO mice that may explain the increased anxiety-like and
depression-like behaviors detected in these mice (74), as this nucleus is an im-
portant part of the limbic system and plays a major role in transduction of stress
signals (120). In addition, the septum that contains an abundance of CRFR2 has
been shown to modulate the activity of the amygdala (121–123) and lesions of this
nucleus result in decreased ACTH secretion following restraint stress (124–127).
We have also detected increased UcnI mRNA in the EW and UcnIII mRNA in the
lateral perifornical region in CRFR2-KO mice (74).

CRFR1/2-KO

Results from testing double receptor–deficient mice for anxiety-like behaviors have
revealed that their responses are sexually dichotomous (73). Female CRFR1/2-KO
mice display decreased levels of anxiety-like behaviors compared to wild-type
mice. Anxiolytic-like profiles were obtained in the behavioral parameters derived
from the two different anxiety models tested. These mice entered the open arms of
the elevated plus maze more frequently and spent more time in the open arms than
control mice. Female CRFR1/2-KO mice produced significantly fewer fecal boli
during the experiment, an indicator of decreased anxiety-like behaviors. Further
anxiolytic-like data from these mice was recently published showing a decreased
latency to first enter the lit compartment in a light-dark box test (128). These
results suggest an anxiolytic-like phenotype for the female CRFR1/2-KO mice.
However, male CRFR1/2-KO mice spent significantly more time grooming than
either controls or CRFR1-deficient mice, indicative of anxiogenic-like behavior.
Females also spent significantly more time in the open arms of the elevated plus
maze and in the center of the open field and produced significantly fewer fecal boli
during testing than the males.

Surprisingly, during behavioral testing we discovered that male CRFR1-KO
mice did not display the characteristic robust anxiolytic-like behavior previously
reported for these mice (70, 71, 129). In examination of differences in breeding
schemes, we have found a significant correlation between the genotype of the
dam and the anxiety-like behavior detected in their male offspring. If the dam
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was heterozygous or homozygous for the CRFR2 deletion, the pup, regardless
of its genotype, was significantly more likely to display anxiogenic-like behav-
iors (73). This correlation was significant for male but not female pups. Previ-
ous studies have well defined the nurturing role of the dam and how this be-
havior may affect the adult stress responsivity of the pup, suggesting that a low
nurturing mother leads to a high-anxiety pup (130, 131). Further, studies have
also revealed that elevated HPA axis stress-hormone levels can affect the anxiety-
like behaviors of the pups (132–137). We are currently examining both of these
hypotheses.

CRF Receptor Antagonists

The development of possible therapeutically relevant CRF receptor antagonists
has become a current focus in drug discovery for treatment of stress-related disor-
ders, such as depression and anxiety. Several small-molecule CRFR1 antagonists
have been produced and studied in recent years. Antalarmin, a pyrrolopyrimidine
compound, has been well examined in both rodents and nonhuman primates (see
Table 2) (156). In rats, antalarmin inhibited conditioned fear responses (157). Pre-
vention of both stress-induced behaviors and increased cerebrospinal fluid CRF
levels was also found in rhesus monkeys treated with antalarmin (158). In this
study, the antagonism of CRFR1 had only minimal effects on basal HPA axis hor-
mone levels while still decreasing generalized anxiety behaviors. CP-154,526 is
an analog of antalarmin and a CRFR1-specific nonpeptide antagonist also tested
for effects on anxiety and stress-related behaviors in rodents. These studies have
found a reduction of conditioned fear (159), increased open-arm time in an elevated
plus maze (160), as well as decreased ultrasonic vocalizations by pups separated
from their dams (161) following treatment with CP-154,526. These antianxiety
effects have been shown to occur without sedation or ataxia; effects common

TABLE 2 Peptide and small-molecule CRF receptor antagonists

Compound Receptor Model examined References

Antalarmin CRFR1 Rat, mouse, primate (157, 158, 167–172)

CP-154,526 CRFR1 Rat, mouse (159, 173–178)

R121919 CRFR1 Rat, human (163, 165, 179)

NBI 27914 CRFR1 Rat (172, 180–182)

NBI 30775 CRFR1 Mouse (166)

SSR125543A CRFR1 Rat (167)

Astressin CRFR1, CRFR2 Rat, mouse (183–188)

Astressin2B CRFR2 Rat, mouse (189–191)

Anti-sauvagine30 CRFR2 Rat, mouse (181, 183, 187, 192–195)

Alpha-helical CRF (9-41) CRFR2≥ CRFR1 Rat, mouse (193, 196–203)
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following treatment with other anxiolytics, such as benzodiazepines (162). A third
small-molecule CRFR1 antagonist, R121919, has been examined both in rodents
and in human clinical trials. This compound reduced anxiety scores and symp-
toms of depression in a small open-labeled trial in humans (163) in addition to
producing anxiolytic-like effects in rats where acute administration of R121919
reduced measures of anxiety in a rodent defensive withdrawal paradigm (164).
CRFR1 antagonists NBI 27914 (165) and NBI 30775 (formerly R121919) (166)
have shown promise in treatment of stress-related behaviors in rodents. Chronic
treatment of mice with NBI 30775 caused complex changes in hippocampal sero-
tonergic neurotransmission that may reveal molecular mechanisms of CRFR1
involvement in the development of depression. A recently developed CRFR1 an-
tagonist, SSR125543A, was shown to antagonize stress-induced hyperthermia,
distress vocalization, and cortical norepinephrine release in rats (167). In the forced
swim test, SSR125543A produced clear antidepressant-like effects, indicating that
SSR125543A shows consistent antagonistic activity in acute and chronic tests of
unavoidable stress exposure.

Additional Peripheral Roles for CRF Family Members

In addition to central roles, studies have demonstrated profound peripheral func-
tions for CRF family members. The peripheral administration of CRF receptor
agonists and antagonists have revealed potent effects on GI motility. Both CRFR1
and CRFR2 are found in the GI tract and stimulation of either receptor produces
significant changes in gastric emptying. Whereas administration of CRF increases
gastric motility, UcnI treatment appears to delay gastric emptying (204–206). UcnII
also inhibited gastric emptying while not influencing distal colonic transit (189).
The CRFR2 peptide antagonist astressin2B blocked this effect of Ucn II. Inter-
estingly, gastric responses to CRF and restraint stress are blocked by astressin2B
but not by CP-154,526, whereas the colonic response is blocked only by CP-
154,526 (189, 190). These studies demonstrate that stress-induced delayed gastric
emptying likely involves CRFR2, whereas stimulation of distal colonic transit ap-
pears to involve CRFR1, revealing pharmacologically distinct functions of these
receptors.

A second major peripheral action of CRF family members involves cardio-
vascular hemodynamics, vascularization, and cardioprotection. Almost as soon as
CRF had been isolated, studies demonstrated its profound ability to decrease mean
arterial pressure and increase superior mesenteric artery flow when peripherally
administered (207). Upon the identification of a second CRF receptor expressed
in the vasculature and cardiac myocytes, further investigations revealed dramatic
inotropic actions and further characterized the vasodilatory effects of CRF ligands
(22, 209–210). Results from mice deficient in CRFR2 confirmed these actions
were specific to this receptor, as peripheral administration of UcnI in these mice
produced no change in mean arterial pressure or inotropic actions in the heart (75,
211). CRFR2 is also found in both endothelial and smooth muscle cells (SMCs)
in the vasculature. We have reported that CRFR2-KO mice are hypervascularized



30 Nov 2003 16:13 AR AR204-PA44-22.tex AR204-PA44-22.sgm LaTeX2e(2002/01/18)P1: GCE

542 BALE ¥ VALE

(213, 214). We have also examined in vitro the effects of CRFR2 activation on cell
proliferation, cell cycle protein phosphorylation, and capillary tube formation. Our
results demonstrate that activation of CRFR2 in vitro results in reduced vascular
endothelial growth factor (VEGF) release from SMCs, an inhibition of SMC prolif-
eration, and inhibition of capillary tube formation in collagen gels. Treatment of a
subcutaneously injected gel matrix with UcnI also inhibited growth factor–induced
vascularization. Western blots found that the cell cycle retinoblastoma protein
(Rb), essential for cell cycle progression, is decreased following UcnI treatment
of SMCs. These results suggest that CRFR2 is a critical component of a pathway
necessary for tonic inhibition of adult neovascularization. These results open new
doors in research for CRF family members, as CRFR2 may be a potential target
for therapeutic modulation of angiogenesis in cancer and ischemic cardiovascular
disease.

CRF family ligands have also been shown to be important in the protection of
cardiac myocytes from lethal ischaemic injury (215, 216). Mechanistically, UcnI
treatment causes rapid phosphorylation of ERK1/2-p42/44, and PD98059, which
blocks the MEK1-ERK1/2-p42/44 cascade, inhibits this survival-promoting effect
of UcnI (217). These studies suggest a novel function of UcnI as a cardioprotec-
tive agent that might act when given during reperfusion following an ischemic
injury.

CONCLUSIONS

A vast and growing body of evidence has demonstrated the importance of the CRF
family in regulation of organismal homeostasis. This review has focused on the
specific roles that the CRF family of ligands, binding protein, and receptors play
in stress and the development of anxiety-like behaviors. The main controversy
surrounding the role the CRF receptors play in regulation of stress responsivity
is that of CRFR2 functioning to either enhance behavioral responses to stress or
to impede them. Although genetic mouse models have shown that in the absence
of CRFR2, anxiety-like behaviors and stress sensitivity are increased, icv infu-
sions of antagonists to CRFR2 do not agree. One question that hales around the
infusion methodology is whether or not the infused drug accesses the receptors
being examined, and further, at what concentration and which sites? A thorough
study examining this issue has demonstrated that ventricularly infused CRF-related
peptides do gain access to cognate receptors (138). This study showed that both
centrally infused CRF and UcnI activated cell groups expressing CRF receptors
as measured by Fos-immunoreactivity at these sites. However, the question of
dose and pharmacology at each specific cell region still remains and is a key
factor in discerning roles via attributing behaviors to receptors at these nuclei.
Certainly, transgenic mouse models also have problems, as “developmental com-
pensation” can be an issue in the ability to directly attribute phenotypic results
with the absence of the protein of interest. We have demonstrated in mice that
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in the absence of CRFR2, mRNA levels of CRF and UcnI in important stress-
responsive brain regions are increased (74). CRFR1 and CRFR2 are, for the most
part, not found in similar brain regions. Therefore, a hypothesis might suggest
that the removal of an inhibitory influence stemming from one brain site could
result in increased ligand expression levels then acting on receptors in a second
brain site. Studies of CRF transgenic mouse models have reported alterations in
ligand expression patterns and mRNA levels, but there remains a great deal more
to be examined (see Table 2). By mapping the changes in expression patterns
and levels in these mice, we can compile greater details regarding the brain re-
gions involved in stress regulation in association with changes in behavioral and
endocrine responses. As exposure to chronic stress or the propensity to a hypersen-
sitive stress response contributes to the development of anxiety-related disorders
and depression, CRF transgenic and knockout mouse models are valuable tools
with which we can delineate mechanisms and design drug targets for therapeu-
tic benefit. The development of conditional and site-specific gene deletion mouse
models will also aid in the deciphering of the roles the CRF receptors and ligands
play.

CRF receptors display distinct specificities for CRF family ligands. Studies have
demonstrated the importance of various receptor domains in the determination of
ligand specificity. The first extracellular domain (ECD1) of CRFR1 was shown
to be important in determining ligand affinities (139). Recently, similar work has
demonstrated, using a soluble form of the first ECD of CRFR2, that this domain can
also regulate ligand-receptor interactions (139). This CRFR2 ECD1 binds UcnI
and UcnII with high affinity, but surprisingly has a very low affinity for UcnIII,
suggesting that alternate receptor domains or structure must be important for high-
affinity binding of UcnIII. These studies confirm the importance of receptor domain
structure for ligand specificity and may support a molecular mechanism by which
receptors with multiple ligands discriminate in vivo.

In the two decades since CRF was first characterized, studies have demon-
strated the importance of the CRF family of ligands and receptors in regulation
of organismal allostasis. From the initial agonist and antagonist infusion studies
to the more recent transgenic mouse models and clinical trials, results have illus-
trated an involvement of this family in the endocrine and behavioral responses to
stress (see Figure 1, color insert). CRF itself appears to play a stimulatory role
in stress responsivity through activation of CRFR1. Specific actions of UcnII and
UcnIII on CRFR2 may be important for dampening stress sensitivity. Regulation
of the relative contribution of the two CRF receptors to brain CRF pathways may
be essential in coordinating physiological responses to stress. The development of
disorders related to heightened stress sensitivity and dysregulation of stress-coping
mechanisms appear to involve regulatory mechanisms of CRF family members.
Further studies utilizing newly synthesized receptor-specific antagonists and gene
deletion mouse models will aid in the elucidation of the roles these family mem-
bers play as well as in the designation of therapeutic drug targets for the treatment
of anxiety-related disorders and depression.
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Figure 1 Summary of CRF ligand and receptor specificity and physiological and behav-
ioral effects of receptor activation.
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