1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
AnnN 'Y Acad Sci. 2009 October ; 1179: 120-143. doi:10.1111/j.1749-6632.2009.05011.x.

Role of CRF Receptor Signaling in Stress Vulnerability, Anxiety,
and Depression

Richard L. Hauger&P, Victoria RisbroughP, Robert H. Oakley®, J. Alberto Olivares-Reyesd,
and Frank M. Dautzenberg®

apsychiatry Service, VA Healthcare System, University of California, San Diego, La Jolla,
California, USA

bDepartment of Psychiatry, University of California, San Diego, La Jolla, California, USA

¢Laboratory of Signal Transduction, National Institute of Environmental Health Sciences, National
Institutes of Health, Research Triangle Park, North Carolina, USA

dDepartment de Biochemistry, Center for Research and Advanced Studies of the National
Polytechnic Institute (CINVESTAV-IPN), Mexico City, Mexico

eNycomed GmbH, Konstanz, Germany

Abstract

Markers of hyperactive central corticotropin releasing factor (CRF) systems and CRF-related
single nucleotide polymorphisms (SNPs) have been identified in patients with anxiety and
depressive disorders. Designing more effective antagonists may now be guided by data showing
that small molecules bind to transmembrane domains. Specifically, CRF; receptor antagonists
have been developed as novel anxiolytic and antidepressant treatments. Because CRF4 receptors
become rapidly desensitized by G protein-coupled receptor kinase (GRK) and p-arrestin
mechanisms in the presence of high agonist concentrations, neuronal hypersecretion of synaptic
CRF alone may be insufficient to account for excessive central CRF neurotransmission in stress-
induced affective pathophysiology. In addition to desensitizing receptor function, GRK
phosphorylation and B-arrestin binding can shift a G protein-coupled receptor (GPCR) to signal
selectively via the extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK-
MAPK) or Akt pathways independent of G proteins. Also, Epac-dependent CRF; receptor
signaling via the ERK-MAPK pathway has been found to potentiate brain-derived neurotrophic
factor (BDNF)-stimulated TrkB signaling. Thus, genetic or acquired abnormalities in GRK and f3-
arrestin function may be involved in the pathophysiology of stress-induced anxiety and
depression.
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Introduction

Beginning with Hippocrates’s postulate that good health was dependent on maintaining
physiological function in harmonious balance to Claude Bernard’s hypothesis that the milieu
interieur must be kept constant by homeostatic regulation, the detrimental effect of stress on
physiological and psychological well-being has long been recognized. Although activation
of brain stress systems and defensive behavior is critical for surviving threats to
homeostasis, rapid counter-regulation of the stress response is equally important for re-
establishing normal mood upon threat termination.}=3 Genetic abnormalities and exposure to
stress early in life or unpredictable trauma at any age can increase an individual’s
vulnerability to subsequent stress and reduce “resilience” in coping with adverse events.24
“Resilience” is a function of the threshold at which particular perturbations activate stress
systems, and the rapidness with which and degree to which stress responses cease with
termination of the adverse stimulus. Compelling evidence indicates that corticotropin
releasing factor (CRF) activation of CRF; receptor signaling is sufficient, and in many cases
necessary, to initiate anxiety-like defensive responses. Sustained stress exposure in
childhood from severe abuse and deprivation has been associated with persistent
sensitization of CRF receptor—mediated stress responses during adult life.> Genetically
driven susceptibility to stress, along with early life stress and adult environmental risk
factors for affective disorders, may well account for the onset and recurrence of major
depressive episodes.>~’ Thus, CRF4 receptor antagonists may prove to be efficacious for
treating anxiety and depressive disorders induced by highly stressful situations.2:8-10 CRF,
receptors play a more complicated role in anxiety and depressive pathophysiology. One line
of research supports the concept that CRF, receptors re-establish homeostasis by
counteracting stress response—initiating effects and anxiety-like defensive behavior triggered
by CRF; receptor signaling.1:11-13 An alternative hypothesis posits that CRF; and CRF,
receptors contribute to opposite defensive modes, with CRF; receptors mediating active
defensive responses triggered by escapable stressors, and CRF, receptors mediating passive
anxiety- and depression-like responses induced by inescapable, uncontrollable stressors.14:15
Identifying the molecular mechanisms of stress response and recovery mediated by signal
transduction of both CRF receptors is a critical step in elucidating the pathophysiology of
anxiety and depression precipitated by early life or adult stress.

CREF, the three urocortin peptides (UCN1, UCN2, and UCN3), and CRF; and CRF,
receptors compose central and peripheral stress systems critical for physiological
survival.216-19 CRF-expressing neurons are widely distributed throughout the central
nervous system (CNS), with high concentrations in the hypothalamic paraventricular
nucleus (PVN), neocortex, the extended amygdala—especially the central nucleus of the
amygdala—Dbed nucleus of the stria terminalis (BNST), and brain stem, all of which are
regions regulating affective state, autonomic function, and stress responses.16 In contrast,
urocortin peptides are expressed in a highly selective pattern. Neurons expressing UCN1,
which binds equally to both CRF receptors, form a discrete hindbrain projection from the
Edinger Westphal nucleus to the dorsal raphe nucleus (DRN) and other brain stem nuclei,
while neurons expressing the CRF, receptor-selective ligand UCNS3 project to the lateral
septum (LS), cortical amygdalar nucleus, BNST, and hypothalamic nuclei as an important
forebrain pathway.16-18 Neurons expressing the other CRF, receptor—selective ligand UCN2
are discretely distributed in the hypothalamic PVN and arcuate nuclei, the locus coeruleus
and several brain stem motor nuclei.16-18 While CRF; receptors are widely distributed
throughout neocortical, limbic, and brain stem regions of the CNS, like the CRF peptide,
CRF;, receptors are highly expressed in a few areas, including the DRN, LS, cortical and
medial amygdalar nuclei, and PVN and ventromedial hypothalamic nucleus.16-18 However,
CRF7 and CRF, receptor mRNA expression has been detected in the primate neocortex—
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especially in the prefrontal and cingulate cortices, which interconnect with limbic brain
regions and have been implicated in anxiety, stress, and depressive disorders.

Stress-induced release of CRF from the hypothalamic PVN activates pituitary corticotroph
CRF4 receptors, resulting in secretion of adrenocorticotropic hormone (ACTH), which, in
turn, activates ACTH receptors in the adrenal cortex to release glucocorticoids to meet
physiological demands and promote adaptational regulation.®16 The affective, cognitive,
neuroendocrine, and autonomic responses to stress controlled by coordinated activation of
central CRF; and CRF receptors in response to CRF and urocortins are considerably more
complex.110-17 Because CRF has a greater affinity for the CRF; than for the CRF,
receptor,®16-18 Jow concentrations of CRF would be expected to activate CRF; receptors
but not CRF, receptors in brain regions expressing both receptor subtypes, such as the
BNST. High CRF concentrations would be required to activate both CRF receptors. In brain
regions expressing CRF, UCN1, UCN3, and only CRF; receptors, such as the LS, CRF»
receptors would signal strongly after binding either urocortin, while weaker CRF, receptor
activation would occur if only CRF were released. Binding of CRF or urocortins to the
CRF, receptor may induce distinct conformations that preferentially activate specific
signaling pathways. Because urocortin-stimulated CRF, receptor signaling in the LS elicits
anxiogenic behavior especially during stress exposure, 2921 specific CRF, receptor
conformation and signaling pattern elicited by urocortins may be relevant to mood
regulation. Furthermore, differential expression in brain neurons of G protein-coupled
receptor kinases (GRKs) and B-arrestins,22-23 which are important regulators of CRF
receptors, may greatly influence regional regulation of CRF; and CRF; receptor signaling.

CRF Receptor Signal Transduction Pathways

Adenylyl Cyclase—Protein Kinase A Pathway

Abnormalities in adenylyl cyclase—protein kinase A (PKA) signaling have been implicated
in stress maladaptation, anxiety, and depression. Inhibition of PKA in the central amygdalar
nucleus reduces CREB phosphorylation and stress-induced anxiety-like behavior24 while
targeted overexpression of CREB in basolateral amygdalar neurons enhances anxiety-like
responses to stress.2> Mice with a constitutive deletion of the adenylyl cyclase 5 gene
exhibit a large reduction in anxiety-like defensive behavior and an “antidepressant-like”
response to forced-swimming stress.2® In many endogenous and recombinant cell lines,
CRF; and CRF, receptors preferentially signal by Gsa coupling to the third intracellular
loop (IC3), resulting in the activation of adenylyl cyclase and generation of the second
messenger cyclic AMP.%16-19 |ncreasing cyclic AMP formation, in turn, stimulates PKA to
phosphorylate downstream targets in the cytosol and CREB in the nucleus, inducing
transcription of certain genes.916-19 |n hippocampal neurons, CRF; receptor signaling via
the cyclic AMP-PKA pathway increases expression of SGK-1, a brain serine/threonine
protein kinase that also upregulates during stress or glucorticoid administration and
contributes to the regulation of synaptic plasticity and memory.2” In addition, SGK
expression markedly increases in forebrain and limbic regions of transgenic mice with
global CRF overexpression that induces excessive anxiety-like behavior and hypothalamic-
pituitary-adrenal (HPA) hyper-responsiveness to stress.28 CRF overexpression transgenic
mice also develop increased brain expression of FK506BP, a co-chaperone of heat-shock
protein-90 that regulates glucocorticoid receptor action and has been genetically linked to
the development of post-traumatic stress disorder and stress-induced depressive
recurrences.28 In cerebellar granular cells, CRF receptor signaling via the cyclic AMP-
PKA-CREB cascade robustly upregulates brain-derived neurotrophic factor (BDNF) mRNA
levels.29 In locus coeruleus neurons, independent of PKA, CRF; receptor-mediated
generation of cyclic AMP activates Epac, a guanine nucleotide exchange factor for the small
GTPases Rapl and Rap2.3% CRF; receptor Epac signaling then activates the extracellular
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signal-regulated kinase—mitogen-activated protein kinase (ERK-MAPK) cascade, which, in
turn, potentiates BDNF-stimulated TrkB signaling, possibly by trafficking TrkB receptors to
neuronal membranes.30 Consequently, Gs-coupled CRF; receptor signaling may modulate
BDNF-mediated synaptic plasticity and neurogenesis—processes that have been implicated
in stress, anxiety, and depressive disorders.31-33 Indeed, postmortem studies have reported
that protein levels of Epac2 are upregulated while expression of BDNF and TrkB receptors
is reduced in the prefrontal cortex and hippocampus of depressed suicide victims.34:3
Potential interactions between CRF and TrkB receptors may contribute to severe anxiety and
depression. Surprisingly, coupling to Gsa was recently identified to be the dominant
mechanism for stimulating intracellular calcium mobilization by CRF; and CRF5(y
receptors. Gs-coupled CRF receptor calcium signaling was mediated by activation of
adenylyl cyclase and then Epac2, which, in turn, stimulated the & isoform of phospholipase
C (PLCg¢).36 This pattern of CRF receptor signal transduction may also be important in
behavioral responses to stress. Gs-coupled CRF, receptor signaling via the cyclic AMP-
PKA cascade has also been shown to influence limbic dopaminergic neurotransmission by
stimulating intracellular calcium release, which, in turn, potentiates excitation of calcium-
sensitive potassium channels in midbrain dopamine neurons that are involved in limbic brain
responses to stress.3’

PLC—Protein Kinase C Pathway

Dysregulation of protein kinase C (PKC) isoform-specific signal transduction has been
associated with severe anxiety and suicide. Stress-induced anxiety-like defensive behavior
and HPA responses are abnormal in PKCg knockout mice while protein levels of o, B, and y
PKC isoforms are decreased in the prefrontal cortex and hippocampus of suicide
victims.38:39 Agonist-activated CRF; receptors generate both cyclic AMP and IP3 signals in
certain peripheral cells while CRF4 receptors preferentially signal by only stimulating
calcium mobilization, IP3 formation, and rapid translocation of PKC to the membrane in
other peripheral cell lines.%19:36 CRF; receptors signal via the PKA but not PKC pathway in
human retinoblastoma Y79 cells, a brain-derived cell line.? Although both CRF; and
CRFy(y) receptors are capable of PLC-PKC signal transduction, presumably by coupling to
Gqa, unknown factors may govern whether or not CRF receptors preferentially signal via
the PLC-PKC or adenylyl cyclase-PKA cascade, or activate both pathways in the same cell.
CRFy or CRFyy) receptor signaling via the PLC-PKC cascade stimulates 1P3 formation and
contributes to intracellular calcium mobilization in HEK293 but not brain-derived human
SK-N-MC neuroblastoma cells, possibly due to expression of Epac2 and PLCeg in HEK293
but not SK-N-MC cells.3¢ Furthermore, in HEK293 cells, coupling of both CRF receptors to
Gsa and Gqa in parallel is involved in generating calcium signals.3® CRF; and CRF(a)
receptor coupling to Gi/o contributes to a lesser extent in calcium signal transduction,
although Gi/o coupling requires initial activation of Gsa.38 CRF; receptor PLC-PKC
signaling during stress has been found to prolong serotonergic regulation of GABAergic
inhibitory neurotransmission in prefrontal cortical pyramidal neurons.*! CRF, receptor
PLC-PKC signaling can also potentiate NMDA receptor activation of burst firing in ventral
tegmental dopamine neurons, which, in turn, stimulates dopaminergic neurotransmission in
the amygdala, nucleus accumbens, and prefrontal cortex.42

ERK-MAPK Pathway

Although CRF receptors can activate ERK, p38, and Jun N-terminal kinase MAPK
cascades, ERK-MAPK is the preferred signaling cascade for CRF receptors.21943 Because
CRF;, receptors select the ERK-MAPK signaling cascade when activated by UCN2 or
UCN3 but not CRF in transfected CHO cells,** differences in agonist-induced
conformations of CRF, receptors may govern whether or not ERK-MAPK signal
transduction occurs. A PKA mechanism has been shown to regulate CRF; receptor-
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mediated activation of the ERK-MAPK cascade and ERK-dependent EIk1 transcription in
some but not all cells in which B-Raf expression is high.43 Paradoxically, UCN1-stimulated
ERK-MAPK activation in HEK293 cells was markedly decreased by PKA phosphorylation
of Ser391 in the 1C3 loop of the CRF4 receptor.> Both CRF receptors can also signal via the
ERK-MAPK cascade by activating the Ras-cRaf-MEK pathway. Other research has shown
that a PI-3 kinase-dependent mechanism can contribute to CRF; and CRF, receptor-
mediated ERK activation in several brain- and peripheral-derived cell lines.44:46.47
epidermal growth factor (EGF) receptor transactivation may also play a role in CRFy
receptor ERK-MAPK signaling.*6 Very little is known, however, regarding cellular and
molecular factors governing the CRF; or CRF, receptor’s preference for a specific upstream
regulator of ERK-MAPK signal transduction. Interestingly, CRF; receptor ERK-MAPK
signaling can activate Sp-1 and Ap-2 transcription, thereby upregulating expression of
GRKS3, which mediates homologous desensitization of CRF4 receptors.*8 This process may
be impaired in anxiety and depressive disorders. Excessive CRF; receptor signaling via the
ERK-MAPK cascade in the hippocampus has been found to contribute to the “depressive”
phenotype of the CRF, receptor knockout mouse.# In mice with a targeted deletion of
forebrain CRF; receptors, anxiety-like behavior and ERK-MAPK signaling in the extended
amygdala and hippocampus stimulated by central CRF administration were abolished.*3 The
ERK-MAPK signal transduction cascade has been shown to regulate synaptic plasticity
events including dendrite stabilization; ion channel transmission; transcription of CREB and
other genes; and receptor scaffolding, trafficking, and crosstalk. CRFq receptor ERK-MAPK
signaling can stimulate trafficking of ionotropic glutamate 82 receptors to dendrites and
regulate glutaminergic neurotransmission at amygdalar synapses.>? The deleterious, high-
allostatic load-inducing effects of brain CRF hypersecretion in affective disorders may result
from sensitized CRF; receptor signaling via the ERK-MAPK cascade, thereby inducing
“stressed synaptic function” and an imbalance between excitatory and inhibitory
neurotransmission.%0

GRK and Arrestin Mechanisms Regulating G Protein—Coupled Receptors

The magnitude, duration and specificity of cellular signaling by G protein—coupled receptors
(GPCRs) depends upon rapid and stringent regulation to prevent deleterious effects of
unrestrained, excessive GPCR signal transduction. While agonist binding causes GPCRs to
assume “active” conformations, which initiate signaling by prompting receptors to bind to
Ga after its dissociation from By subunits, specific GRKs are rapidly recruited to commence
homologous desensitization by phosphorylating a specific pattern of serines and threonines
in the GPCR’s 1C3 and/or C terminus (Fig. 1).51-54 GRK-catalyzed phosphorylation of the
receptor protein immediately increases the GPCR’s affinity for B-arrestins ~30-fold,
triggering their translocation from the cytosol to the cell surface.51-56 Receptors assuming
an agonist-bound conformation expose phosphorylation-independent sequences that also
contribute to the binding of arrestin to GPCRs. Rapid, high-affinity binding of a single
arrestin sterically uncouples the receptor from its cognate Ga protein, thereby “arresting,” or
terminating, signal transduction by competition and steric hindrance.51:52

In addition to terminating receptor signaling, the nonvisual arrestins p-arrestinl and f3-
arrestin2 simultaneously bind to clathrin and B(2) adaptin, acting as adaptor proteins for the
formation of clathrin-coated vesicles into which the ligand-receptor-arrestin complex is
internalized.®1-55 Arrestins do not always traffic, however, with the desensitized receptor
from the cell surface into cytosolic endosomes. The temporal stability of the receptor-
arrestin complex distinguishes two patterns. Class A GPCRs form transient complexes with
arrestins that dissociate at or near the plasma membrane while class B GPCRs form stable
complexes with arrestins that internalize as a unit into endocytic vesicles.8:59 After
endocytosis occurs, internalized receptors are dephosphorylated in endosomes by specific
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phosphatases, and vesicles containing dephosphorylated receptors bud off from endosomes,
thereby recycling resensitized GPCRs back to the plasma membrane.51-53 Differences in the
stability of the receptor-arrestin interaction have been shown to regulate the rate of receptor
resensitization. During very prolonged exposure to high agonist concentrations, internalized
GPCRs do not recycle to the membrane but move into lysosomes, where they undergo
proteolytic degradation resulting in downregulation to decrease the total number of cellular
receptors,1-53

While binding of a classical agonist to a receptor initiates G protein—-mediated second
messenger signaling and activates GRK- and arrestin-mediated regulation, GPCRs assume a
conformation after the binding of an antagonist that is incapable of coupling to Ga. or
recruiting GRKSs or B-arrestins (Fig. 1). Although classical GPCR theory proposes that
ligands activate GPCR signaling to varying degrees based on their range of intrinsic
efficacies, “biased agonists” induce and stabilize distinct receptor conformations with
functional selectivity for specific signal transduction pathways.>>6 Arrestins play an
important role in initiating G protein—independent signaling events (Fig. 1).55:60
Specialization of GRK and B-arrestin actions has been suggested by the observation that an
individual GRK selectively phosphorylates only certain serines or threonines thereby
inducing a receptor—B-arrestin conformation that has specific functional consequences.51:53
In this regard, GRK2 and GRK3 phosphorylation facilitates arrestin recruitment leading to
homologous desensitization while GRK5 and GRK6 can promote p-arrestin2—mediated
ERK-MAPK signaling.8? These new GPCR concepts may lead to novel pharmacotherapies
for medical and psychiatric illnesses that have signaling pathway-selective targeting.

Regulation of CRF Receptor Signaling

CRF1 Receptors

Homologous Desensitization of CRF; Receptors—Endogenously expressed CRF;
receptors become desensitized in brain-derived, anteriorpituitary, and myometrial cells, and
in recombinant cell lines during exposure to high concentrations of CRF or UCN1, which is
a setting favoring strong GRK action.81-68 Although UCNZ1 binds with a slightly higher
affinity than CRF, there are no significant differences in rate or magnitude of CRF; receptor
desensitization elicited by these two ligands.5°

GRKs and CRF; Receptor Desensitization—Of the five members of the GRK family
expressed in stress-sensitive and CRF receptor— expressing neurons of the forebrain and
extended amygdala, GRK3 and GRK®6 have been shown to contribute to the homologous
desensitization of CRF receptors.54.6567 Reducing cellular levels of GRK3 protein by
~55% with uptake of a GRK3 antisense oligonucleotide or transfection with a GRK3
antisense construct inhibited homologous CRFq receptor desensitization ~65% in Y79
cells.54 During prolonged exposure to high CRF, the levels of GRK3 mRNA and protein
significantly increase in Y79 and CATH.a cells endogenously expressing CRFq
receptors.#8:65 GRK3 upregulation may maximize phosphorylation of intracellular serines
and threonines in order to more strongly desensitize the CRF; receptor during CRF
hypersecretion. In transfected HEK293 cells, cellular overexpression of GRK3 promotes a
more rapid desensitization of Gs-coupled CRF; receptor signaling during CRF stimulation
(Hauger et al., unpublished data). When HEK293 cells recombinantly expressing CRF,
receptors are acutely stimulated with CRF, GRK3 and GRKG6 rapidly translocate from
cytosol to the cell membrane.8” In addition, pretreatment of HEK293 cells with antibodies
targeting GRK3 or GRK6 suppresses homologous CRF; receptor desensitization.57
Homologous CRF receptor desensitization can be inhibited, however, by transfecting the
GRK2 dominant negative mutant, GRK2-K220R, into AtT-20 pituitary corticotroph tumor
cells, which is a cell line expressing protein levels of GRK2 and GRK6 but not GRK3.58
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Furthermore, GRK2 expression upregulates in anterior pituitary cells during prolonged CRF
exposure.8 Although these findings suggest that GRK2 can desensitize corticotroph CRF4
receptors, overexpressing GRK2 in AtT-20 cells did not augment CRF-induced CRFy
receptor desensitization.%8

CRF; Receptor Phosphorylation—CRF; receptors become rapidly phosphorylated in
the presence of a saturating concentration of CRF during homologous
desensitization.40:57.67.69.70 Determining sites in a GPCR’s ICs and C terminus that are
phosphorylated by specific GRKs and then mediate B-arrestin recruitment and binding
provides important information about receptor regulation. Seven serines and three threonines
represent possible GRK phosphorylation sites in the CRF; receptor’s C terminus, including
a T3995400p401T402 motif that may function as a B-arrestin binding site (Fig. 2). CRF-
stimulated phosphorylation of a CRF; receptor truncated at Ser412 (A412 mutant) was
decreased ~35% compared to that of the wild-type CRF; receptor. CRF-induced
phosphorylation was 80-90% less, however, for a CRF4 receptor truncated at Ser386 (A386
mutant), which deleted the TPST motif including Thr3%9, which may be phosphorylated by a
GRK during agonist activation.>’ CRF-stimulated CRF4 receptor phosphorylation and
desensitization was also reduced ~50% when only Thr399 is mutated.5” These findings
suggest that GRK phosphorylation sites in the CRF4 receptor C terminus are located at
Ser*12 and/or Thr413, Thr3%9, and possibly at Ser386, Ser396, Ser400 Thr402 Ser405 andj/or
Ser08 (Fig. 2). Because GRK2 and GRK3 are acidotropic kinases,>! the serine-threonine
cluster with a glutamic acid in the CRF; receptor 1C3
(Ser301Thr302Thr3035er304G|y305Thr306) s a potential GRK phosphorylation site.
Substituting alanines for the STTSET motif (IC3— 5ST/A) caused a 75% decrease in CRF-
stimulated phosphorylation of this mutant compared to that of the wild-type CRFy
receptor.5” However, reductions in CRF-stimulated phosphorylation were similar for the
A386 mutant and a CRFq receptor mutant with the 1C3 mutation added to the A386
truncation. Thus, Gs-coupled CRF; receptor signaling is regulated by hierarchical
phosphorylation that first occurs in the C terminus and then occurs in the 1C3’s STTSET
motif.

Barrestins and CRF; Receptor Regulation—CRF; receptors preferentially recruit -
arrestin2 over B-arrestinl to membranes of transfected HEK293 cells (Fig. 3) and fetal
mouse cortical neurons.5”:"1 Because neither B-arrestin isoform traffics with the receptor
into cytosolic endosomes (Fig. 3), CRF; receptor interaction with arrestins is typical of
“class A” GPCRs.5"-59 However, in fetal cortical neurons, a small proportion of B-arrestin2
becomes co-localized with CRF; receptors that internalize within endocytic vesicles during
prolonged CRF stimulation.”t Comparison of B-arrestin2—CRF4 receptor interactions in
neuronal and non-neuronal cells requires further study. Interestingly, agonist-activated CRF;
receptors promote one of the strongest translocation responses of B-arrestin2 from cytosol to
cell surface observed for studied class A GPCRs.%’ A portion of phosphorylated GPCRs
appear to remain at the membrane, where they can rapidly bind again to p-arrestin2 if they
are re-stimulated by agonist.>* The swift return of p-arrestin2 to phosphorylated receptors
after they re-bind agonist may be particularly important for brain CRF receptors during
recurrent exposure to stress and, if this regulatory mechanism fails, may result in severe
anxiety and possibly depression.

While truncating the CRF4 receptor at Ser*12 does not alter p-arrestin2 translocation to the
membrane CRF; receptor, truncating its C terminus at Ser386 significantly impairs f-
arrestin2 recruitment due to the near absence of agonist-dependent phosphorylation.>’
Because reducing cellular GRK3 expression or blocking GRK3 action inhibits homologous
desensitization of CRF receptors,64:67 the TPST motif may be phosphorylated
preferentially by GRK3, thereby transforming this sequence into an active site for g-arrestin
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binding. When the CRF; receptor with a mutated STTSET in the IC3 was activated by
binding CRF, B-arrestin2 translocation to the cell membrane was as robust and rapid as that
produced by CRF activation of the wild-type CRF; receptor, despite the IC3-5ST/A mutant
exhibiting more than a 90% decrease in CRF-stimulated phosphorylation.>’ In addition, p-
arrestin2 recruitment was reduced to a similar extent in the A386 CRF4 receptor mutant and
the CRF4 receptor with both the C-terminal A386 truncation and IC3 STTSET mutation.>’
Thus, recruitment and binding of B-arrestin2 by the agonist-activated CRF; receptor is
mediated by at least two distinct domains: (i) a phosphorylation-dependent motif in the C-
terminus, and (ii) a phosphorylation-independent motif in one or more of the ICs. Although
GRK3 is involved in homologous desensitization of CRF4 receptors, GRK3 over-expression
did not increase CRF; receptor recruitment of B-arrestin2 or prevent dissociation of the
CRF4 receptor—arrestin complex.>’

CRF; Receptor Internalization and Resensitization—Prominent internalization of
membrane CRFq receptors occurs in AtT-20 pituitary, fetal cortical, and recombinant cells
during a 30-min treatment with a saturating concentration of CRF.57.70-72 CRF; receptor
internalization was strongly inhibited by hypertonic sucrose or the dynamin dominant
negative mutant K44A.57:71 A PKA or PKC inhibitor, the caveolae disruptor filipin, or a
dominant negative caveolin 1 failed to alter internalization of CRF; receptors.’0.72 CRF-
stimulated CRF; receptor internalization increased ~three-fold in COS-7 cells
overexpressing B-arrestinl or B-arrestin2.5” Consequently, both clathrin and arrestin mediate
the internalization of CRF4 receptors into early endosomes. The transient interaction of f3-
arrestin with class A receptors can promote their more rapid recycling and resensitization by
facilitating receptor dephosphorylation.>® Consistent with a class A receptor-arrestin
interaction, CRFq receptors in anterior pituitary and HEK293 cells resensitize from agonist-
induced desensitized states within 1-2 h.61.67.71 A much slower time course requiring 1 day
for complete restoration of CRF4 receptor cyclic AMP signaling after homologous
desensitization, however, has been observed in brain-derived Y79 and IMR-32 cells.63.66
These divergent results may be explained by Y79 cells expressing B-arrestinl but not -
arrestin2, while pituitary and HEK293 cells express both p-arrestins.>” Internalization and
resensitization of CRFq receptors may also be controlled by the Ras-like small GTP binding
proteins Rab4 and Rab5.71

CRF; Receptor Downregulation—When Y79 retinoblastoma or transfected CHO-K1
cells are exposed to CRF for 24 h, the number of membrane CRF; receptors and the
maximal response of CRF-stimulated cyclic AMP accumulation decreased 70-80%,
presumably due to proteolytic degradation of receptors.63.70

Second Messenger Kinases and CRF; Receptor Desensitization—Gs-coupled
GPCRs can also be desensitized by phosphorylation of serines or threonines within
intracellular PKA consensus sites.>:52 In many cells, CRF; receptors preferentially signal
by coupling to Gsa and activating the cyclic AMP-PKA pathway.®16-19 Although Ser30! is
located within a potential PKA phosphorylation site (RAS) in the IC3 where Gsa.
presumably binds (Fig. 2), neither maximal PKA stimulation nor PKA inhibition influenced
CRF receptor phosphorylation and desensitization in Y79 and IMR-32 cells.53:66 CRF;
receptor signaling via the ERK-MAPK cascade, however, was markedly decreased by PKA-
induced phosphorylation of Ser301 45

The CRF4 receptor has potential PKC phosphorylation sites at the 1C1’s Ser46 and C
terminus’s Ser386 and Ser408 (Fig. 2). In Y79 cells, PKC activation rapidly and strongly
desensitized and phosphorylated CRF; receptors, an effect that was blocked by inhibiting
PKC or by downregulating o and p isoforms of PKC.40 In human myometrial cells, Gg-
coupled oxytocin receptor signaling heterologously desensitized Gs-coupled CRF4 receptor
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signaling by a PKC mechanism.19 Since CRF; receptors can signal via the PLC-PKC
pathway, PKC may homologously desensitize CRF4 receptors in certain cells.

CRF, Receptors

Agonist-selective CRF, Receptor Desensitization and Internalization—There is
considerably less information about regulation of CRF, receptor signaling. A very rapid and
large (~90%) homologous desensitization of CRF,(,) receptors during brief UCN2 exposure
was first reported in human retinoblastoma Y79 cells, which were found to express
endogenously CRFy () receptors in addition to CRF; receptors.”3 Strong homologous
desensitization and internalization of the human CRFy,) receptor, the peripheral splice
variant of the CRF(,) receptor, was subsequently observed in transfected HEK293 cells
stimulated with UCN2.74 Unlike the CRF; receptor, the CRF, receptor binds and is
activated by agonists with a broad range of potencies. Desensitization of CRFy (5 receptor
cyclic AMP signaling was faster and stronger when Y79 cells were exposed to UCN2
compared to UCN3, while CRF was a relatively weak desensitizing agonist.”® Similarly,
recombinantly expressed CRF,(p) receptors desensitized more rapidly in transfected
HEK293 cells treated with UCN2 compared to CRF."# CRF;(y) receptor internalization was
also greater when HEK293 cells were exposed to UCN2 compared to CRF.”4 Knocking
down clathrin heavy chain protein levels in HEK293 cells by siRNA transfection reduced
UCNZ2-induced desensitization and internalization of CRFy(y, receptors.’* When the last
four amino acids of the CRF,p) receptor C terminus were deleted or mutated to four
alanines (Fig. 4), the rate of CRF,() receptor internalization was accelerated during 5-min
UCNZ2 stimulation. Interestingly, in vivo activation of CRF; receptors by prior severe stress
trafficks more CRFy () receptors to the membrane of DRN neurons, thereby switching from
CRF, receptor-mediated inhibition to CRF,,) receptor-mediated stimulation of DRN
sertonergic neurotransmission.’®

B-arrestins and CRF, Receptor Regulation—f-arrestin2 was recruited more rapidly
than B-arrestinl by the agonist-activated CRF,) receptor in HEK293 cells stimulated with
UCN2 or CRF for 2 min.”* High membrane levels of parrestin2 persisted during a 15-min
treatment with CRF but not UCN2.74 Similar to the CRF receptor, p-arrestin2 dissociated
from the CRF,(p) receptor at the membrane with B-arrestin2 then remaining near the cell
surface while the CRF,y) receptor internalized characteristic of class A GPCR-arrestin
interactions. CRF,(p) receptor desensitization and internalization decreased 50% and 80%,
respectively, in HEK293 cells overexpressing the B-arrestin (319-418) dominant negative
mutant.”# Conversely, decreasing cellular levels of B-arrestinl or p-arrestin2 by siRNA
transfection significantly reduced UCN2-induced desensitization and internalization of
CRF,(p) receptors, although knockdown of B-arrestinl was more effective than B-arrestin2.74
Intracellular structural determinants (Fig. 4) for GRK phosphorylation and f-arrestin
recruitment remain to be determined.

Differential Regulation of CRF Receptors—Surprisingly, following binding and
activation by UCN2, CRF,(5) and CRFy(p,) receptors desensitize more rapidly and to a
greater extent than the rate and magnitude of homologous desensitization of CRF; receptors
by CRF (Fig. 5).5367.73.74 A more rapid homologous desensitization of neuronal CRFy(y)
receptors would be expected to reduce the hypothesized CRF,(5) receptor counter-regulation
of anxiogenic and stress response—promoting actions of CRF; receptor signaling. The CRF
and CRF, receptors differ mostly in their N-terminal extracellular domains. Different
conformational changes assumed by agonist-activated CRF; and CRF, receptors may
influence the velocity and extent of GRK-mediated phosphorylation and desensitization.
With regard to intracellular structural determinants, the ICs loops and C termini of the two
CRF receptors are highly homologous (~90% sequence conservation), although the last four
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amino acids in their C-terminal tails differ (Figs. 2 and 4). The CRF; receptor contains a
type 1 PDZ domain but the CRF, receptor does not. When PDZ domains are selectively
phosphorylated by certain GRKSs or bind PSD-95 or other regulatory proteins, GPCR
signaling via the ERK-MAPK cascade or GPCR internalization and recycling can be
modulated.’® Desensitization of cyclic AMP signaling and recruitment of B-arrestins were
not altered, however, by deleting or mutating the last four amino acids of the CRF,(p)
receptor or making a chimeric CRF,(p) receptor by replacing its TAAV motif with the CRF;
receptor’s PDZ domain (STAV).”# Deleting the STAV motif of the CRF4 receptor C
terminus decreased phosphorylation by ~35%, consistent with Ser412 and/or Thr413 being
GRK phosphorylation sites, but did not effect the strong recruitment of -arrestin2 or
internalization of agonist-activated CRF receptors.®’ Since deletion or mutation of the
CRF,(p) receptor’s TAAV motif inhibited signaling via the ERK- and p38 MAPK cascades
but not the cyclic AMP-PKA pathway,’# the dissimilar last four amino acids of the two CRF
receptors may have other important functions. Alternatively, differences in regional brain
expression of GRKSs and B-arrestins may mediate differential rates of homologous
desensitization of CRF; and CRFy(,) receptors. Neurons in the BNST express both CRF
receptors; B-arrestin2 (but not p-arrestinl); and GRK2, GRK3, and GRK6.%:2223 CRF, (but
not CRF) receptors are expressed in the LS where only B-arrestinl and high GRKS5 levels
are present. Basolateral amygdalar neurons express CRF; receptors (but not CRF,
receptors); high levels of both B-arrestins; and GRK2, GRK3, and GRK6.2:22:23 Newly
cloned GPCR regulators, such as ARTSs (arrestin-related ubiquitin-ligase adaptors), that
govern endocytosis of membrane protein cargoes’’ may also control the ratio of membrane
versus internalized receptor proteins, thereby promoting or inhibiting CRF; and CRF,
receptor signaling.

CRF Hypothesis of Depression

Abnormal CRF neurotransmission and CRF4 receptor signal transduction has been proposed
to be a critical mechanism for stress pathophysiology that leads to major depression.
Markers of hyperactive brain CRF neurotransmission, including abnormally high
cerebrospinal fluid (CSF) levels of CRF and aberrant functioning of the HPA axis, are
present in major depression.>8-10 CSF CRF levels are highest in depressed suicide victims,
indicating that an increasing level of CRF hypersecretion may be associated with greater
iliness severity.”8 Postmortem studies have also detected significant increases in CRF
mMRNA expression and CRF-immunoreactive neurons in the hypothalamic PVN, prefrontal
and frontal cortex, locus coeruleus, and median and DRN in major depression.?10.79 HPA
hyper-responsiveness may be a genetic susceptibility marker for depression based on data
showing excessive secretion of cortisol following a dexamethasone-CRF challenge in 32%
of first-degree relatives of patients with unipolar or bipolar depression.19 A GAG haplotype
of the CRF; receptor was found to be significantly associated with a stronger antidepressant
response in major depressive patients with high anxiety.8% Another CRF; receptor single
nucleotide polymorphism (SNP), rs4792887 in the 5’ part of intron 1, has been found in
depressed men who made suicide attempts during stress.8? Interestingly, individuals
homozygous for alleles TT (SNP rs7209436) or AA (SNP rs242940) in the CRF4 receptor
intron 1 were protected against adult major depression despite having been traumatized by
childhood abuse.82 Small molecule CRF4 receptor antagonists are now being tested as novel
anxiolytic and antidepressant treatments. The first clinical trial of CRF; receptor antagonist
(NBI-39775) significantly reduced depression and anxiety in patients with a major
depressive episode during a small, open-label study.8-10 Treatment of nondepressed control
subjects with CRF4 antagonist NBI-34041 inhibited HPA but not emotional responses to the
Trier social stress test, suggesting that this compound possesses stress-protective
properties.19 A recent double-blind, placebo-controlled trial failed, however, to detect an
antidepressant action of a different CRF4 receptor antagonist (CP-316,211) in depressed
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patients.83 Difficulties with suboptimal pharmacokinetics and bioavailability as well as
toxicity of highly lipophilic small molecules has complicated their effectiveness and
refinement. In addition, anxiolytic and antidepressant efficacy may now be improved based
on the recent finding that small molecules bind to critical sites within transmembrane-
spanning domains, thereby promoting allosteric modulation of the CRF; receptor into a
stabilized conformation incapable of binding Ga to initiate signal transduction.84
Furthermore, because CRF4 receptor antagonism is most effective in reducing anxiety-like
behavior in animal models with high “trait” anxiety-like behavior or involving previous
exposure to stress,13 antidepressant action of CRFy receptor antagonists may be strongest in
patients with stress-induced major depression and considerable comorbid generalized
anxiety. Recently, UCN3 expression was found to be strongly upregulated in the prefrontal
cortex of depressed suicide victims, providing the first evidence for CRF, receptor
dysregulation in major depression.8% Abnormal signaling by brain CRF, receptors may also
contribute to the onset and recurrence of severe anxiety and depression, but bioactive small
molecule CRF, receptor antagonists have not yet been synthesized.

Controversies in Models of CRF Receptor Mechanisms in Depression

Role of CRFq1 Receptors in Anxiety-like Responses to Stress

Brain CRF; receptor signaling induces many anxiety-like defensive behaviors during
stress.1:11-15.86-88 £yrthermore, increased anxiety-like defensive behavior is the dominant
phenotype of transgenic mice with global CRF overexpression, which also causes a
Cushing’s syndrome-like phenotype.12 The high level of anxiety-like behavior in the CRF
overexpression mouse can be reversed by a CRF4 receptor antagonist.12 Pharmacological
antagonism or genetic knockout of brain CRF; receptors in rodents strongly inhibits anxiety-
like and HPA responses to threatening stimuli or stress.110-13.87.88 Anxiety-like defensive
behavior is also markedly decreased in mice with a conditional knockout of brain CRF;
receptors but normal expression of anterior pituitary CRF4 receptors and HPA responses to
stress.13

CRF; Receptors and Animal Models of Depression

Animal models of depressive-like behaviors, such as the Porsolt forced swim, tail
suspension, and learned helplessness tests, exhibit sensitivity to clinically effective
antidepressant medications and treatments that inhibit monoamine reuptake or alter
monoaminergic neurotransmission.89 These paradigms, however, have been surprisingly
inconsistent in delineating the importance of CRF receptor signaling in depressive-like
behaviors. The Porsolt swim test is a model of “behavioral despair” in which animals are
forced to swim in an inescapable environment, with time spent immobile versus time
engaged in active escape or “stress coping” behaviors considered to be an operational
measure of “depressive-like” behavior. Intracerebroventricular administration of CRF;
receptor-preferring agonists cortagine and ovine CRF immediately or 1 day before testing
unexpectedly reduced immaobility in the forced swim test, indicating an antidepressant-like
activity.90 Similarly, normal mice exposed to restraint stress, or transgenic mice with CNS-
or forebrain-specific overexpression of CRF exhibit decreased immobility in the Porsolt
swim test.91 Because their reduced immobility could be reversed by acute treatment with the
CRF4 receptor antagonist DMP696, this phenotype was not due to chronic CRF
hypersecretion. More likely, it resulted from acute activation of CRF; receptor signaling
when mice were forced to swim.%! Thus, acute release of brain CRF appears to increase
escape behaviors and active “stress coping” in the Porsolt swim test.%% The CRF; receptor
antagonist CP-154,526 decreased immobility in rats subjected to the forced swim test;
however, this effect was not replicated in a later study.92 Other CRF; receptor antagonists
(CRA0450, R121919) were also ineffective in reducing immobility during forced

Ann N'Y Acad Sci. Author manuscript; available in PMC 2011 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hauger et al.

Page 12

swimming.23:94 CRF receptor antagonists R121919 (NBI-30775) and DMP 696, but not
CRAO0450, have exhibited antidepressant-like activity in the tail suspension test, another
paradigm of “behavioral despair” in which depressive-like behavior is measured as the
duration of immobility of a mouse or rat suspended by its tail.**9> These findings may be
explained in part by differences in mouse and rat behavioral responses resulting from
different evolutionary adaptations of each species.9

Another model of depression is the learned helplessness paradigm, in which animals
experience a series of inescapable shocks. This experience produces a long-term reduction in
escape behavior in tasks with escapable shock and increased fear learning. Learned
helplessness behavior can be reversed by treatment with many antidepressants.®” CRF;
receptor antagonism by antalarmin attenuates learned helplessness—induced increases in fear
learning, while blocking CRF; receptor signaling by acute or chronic treatment with
CRAO0450 increases escape behavior in this paradigm.9498 However, CRF; receptor
activation has been shown to promote consolidation of fear memories. Consequently, CRF;
receptor antagonism may attenuate induction of fear memories rather than exert direct
effects on learned helplessness behavior per se.98:9 Often, interpreting positive efficacy in
these animal models of antidepressant activity has been confounded by administering the
CRF receptor antagonist before or immediately after presentation of the stressor.1:92.98
CRF4 receptor antagonism may only be effective in preventing excess CRF4 receptor
activation during or immediately after stress. For example, CRF; receptors are rapidly
desensitized via internalization in the locus coeruleus, which may alter neuronal responses to
subsequent CRF receptor activation.100 Hence, once stress has presumably triggered strong
CRF4 receptor signaling, it is possible that resulting long-term depressive-like behavior
switches to a CRF4 receptor-independent mechanism.

CRF, Receptors and Animal Models of Anxiety and Depression

The role of CRF, receptors in stress responsiveness and anxiogenesis has been
controversial; however, there is mounting evidence that CRF, receptors contribute to
coordinating stress behaviors. Mice with a constitutive CRF, receptor gene deletion exhibit
either increased or normal anxiety-like defensive behaviors basally or during stress as
measured by approach-avoidance conflict paradigms in the elevated plus maze and open
field tests.19:11-13 Compensatory changes in CRF; receptor signaling, however, may
complicate the interpretation of behavioral phenotypes in CRF, receptor knockout mice.
Nonetheless, because the duration of stress-stimulated ACTH secretion is decreased in CRF,
receptor knockouts and even more reduced in mice with deletions of both CRF; and CRF,
receptor genes,:911-13 CRF, receptor signaling may be involved in maintenance of
neuroendocrine responses to stress.

Pharmacological studies have also yielded mixed results, with global pharmacological
blockade of CRF, receptors being reported to both increase and decrease anxiety-like
behaviors.19:11-13 These data are in contrast to clear anxiogenic effects when CRF»
receptors in LS or dorsal raphe are activated.? In contrast to nonselective CRF receptor
agonism, selective agonism of CRF, receptors with UCN2 or UCN3 has been shown to
exert anxiolytic activity in some approach avoidance tasks. %11-13.101 However, selective
CRF;, receptor activation has also been found to suppress exploration and certain locomotor
behaviors that could confound interpretation of anxiety-like behavior in these
experiments.2:11-13,101

A recent study has found evidence for CRF, receptors interacting with brain systems
mediating dysphoria. Mice trained to associate an odor cue with forced swimming avoided
the odor in other contexts.192 This conditioned avoidance was abolished if mice were treated
with a CRF; receptor antagonist during training, while this treatment was ineffective in
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blocking associative learning to positive reinforcement.192 Selective CRF, receptor agonism
alone induced conditioned aversion, indicating CRF, receptor signaling mediated this
aversive or negative state.192 The dysphoric-like action of CRF, receptors was associated
with the downstream release of dynorphin, which, in turn, activated k-opioid receptor
signaling. In humans, k-opioid receptor agonists produce significant anhedonia and
depressive symptoms.102 Therefore, these data implicate a novel role for CRF, receptor
mediation of stress-induced dysphoria. Acute central injection of CRF also increases
intracranial reward threshold, a model of the major depressive symptom anhedonia, 193
although it is not certain whether a CRF; or CRF(5) receptor mechanism is involved.

In the forced swim model, CRF, receptor— selective agonists UCN2 and UCN3 exert
antidepressant-like effects while the nonselective agonist UCN1 had no effect.104 These
data suggest that activation of CRF4 receptors may counteract the antidepressant-like action
of CRF, receptor signaling.194 Consistent with this hypothesis, CRF, receptor null mutation
mice exhibit increased immobility and reduced climbing behavior in the forced swim test,
which is reversed by antagonizing CRF; receptors or inhibiting CRF4 signaling via the
MAPK/ERK pathway.14® These data are puzzling, as stress or selective pharmacological
activation of CRF; receptors in normal mice also can reduce immobility.%° It should be
noted that mice with a CRF, receptor knockout null mutation exhibit increased central CRF
receptor expression that may result in chronically excessive signaling of brain CRF4
receptors.! Thus, the relative balance of CRF; and CRF, receptor activation may be critical
to the manifestation of active or passive behavior in the mouse swim stress model.

In the learned helplessness model, CRF(5) receptor activation at the dorsal raphe is required
and sufficient for the long-term effects of inescapable shock on fear learning and escape
behavior, implicating this mechanism in long-term effects of uncontrollable stress.14 A
possible mechanism mediating learned helplessness may be CRF;(,) receptor signaling in
the dorsal raphe, exciting serotonergic neurotransmission in limbic and forebrain
projections.15 Dorsal raphe CRF, receptor activation, however, may influence fear learning
rather than induce learned helplessness per se, as global pharmacological blockade of CRF»
receptors by selective antagonists, or global CRF, receptor knockout in mice by null
mutation blocks contextual fear learning.88:105 Interestingly, selective activation of septal
CRF, receptors has the opposite effect, inhibiting contextual fear memory.195 Indeed, in the
last 5 years, with site-specific activation studies, behavioral effects of CRF, receptor-
selective ligands have been found to depend greatly on the brain region activated. CRF()
receptors in certain stress-sensitive brain regions may also interact with extended amygdalar
CRF receptors in an additive manner to generate anxiety and depression. Thus, the
pharmacology of predicting clinical effects of global CRF, receptor activation or inhibition
has become much more complex than originally anticipated. As indicated above, CRF,
receptors modulate contextual memory, learned helplessness, and conditioned aversion;
thus, there is mounting evidence that CRF, receptor activation is important for neural
plasticity related to fear learning. Because of CRF; activation effects are so critically
dependent upon the specific neural circuit activated, it is difficult to predict how systemic
small molecule CRF, antagonists would affect anxiety and depression. The more recent data
highlighted here support their potential to inhibit anxiety and depressive behaviors stemming
from associative learning with negative reinforcers.

Perspectives and Future Directions

After the landmark work of Vale and colleagues at the Salk Institute culminated in the
isolation and sequencing of CRF in 1981, subsequent studies supported the concept that
CRF plays a primary role in the pathophysiology of depression.1:1 Later, the human CRF;
receptor was cloned from a pituitary corticotroph adenoma cDNA library in 1993, and then a
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second CRF receptor, CRF,, was cloned in 1995, establishing that both receptors belonged
to the class B1 group of the GPCR superfamily.8:16 The ICs and C termini of the CRF; and
CRF;, receptors had a high sequence conservation (~90% identity) while the extracellular
domains (including the ligand selectivity sites and binding pockets) were only ~60%
homologous.816:18 At that time, studies indicated that the dominant mode of CRF4 and
CRF;, receptor signaling was activation of the adenylyl cyclase-PKA pathway, although both
CRF receptors were eventually found to activate the PLC-PKC and ERK-MAP kinase
pathways.16-19 Soon, pharmaceutical companies worldwide began developing small
molecule CRF receptor antagonists that blocked Gs-coupled CRF; receptor signaling as
potential antidepressant agents.8 A decade of intensive research, however, has failed to
produce a small molecule CRF4 receptor antagonist that is well tolerated and efficacious in
patients with major depression. Nevertheless, preclinical data shows that CRF; receptor
antagonist treatment is effective in reducing exaggerated anxiety-like behavior in animals
bred for high “trait” anxiety and those previously exposed to severe stress.13 Therefore,
CRF; receptor antagonists may prove to be selectively therapeutic in patients who suffer
stress-induced depressive relapses and those with major depression and co-morbid
generalized anxiety with high suicide risk. They may also be useful in treating patients with
panic disorder and post-traumatic stress disorder, which frequently are associated with co-
morbid depression and suicide. Moreover, synthesis of more effective CRF; receptor
antagonists may nowbe possible based on the recent finding that effective small molecules
bind to sites within the transmembrane spanning domains and then allosterically induce the
CRF receptor to assume an inactive conformation that can not coupled with Gsa and
initiate cyclic AMP signaling.84 The CRF, receptor’s role in the stress response,
anxiogenesis, and depressive pathophysiology is still being investigated and, to date, no
small molecules targeting the CRF, receptor have been developed.

High levels of CRF have been measured in cerebrospinal fluid of depressed patients—
especially those committing suicide—and former combat soldiers experiencing severe post-
traumatic stress disorder.® These findings have led to the hypothesis that CRF
hypersecretion is a critical factor in the etiology of severe depression and post-traumatic
stress disorder. CRF hypersecretion alone, however, can not elicit enhanced CRF receptor
signaling since receptors exposed to high agonist concentrations undergo rapid
desensitization and internalization, and eventually become downregulated.®1-24 In
preclinical studies, molecularly inhibiting cellular expression of GRK3 or B-arrestins
significantly increased CRF; or CRFy(y) receptor cyclic AMP signaling, respectively, by
reducing homologous desensitization during exposure to high agonist.8474 In addition,
substantially reducing p-arrestin expression also markedly impaired ligand-induced
internalization, thereby retaining more CRF5(y) receptors on the cell surface where they
would be available for agonist stimulation.”# In an animal model, mice with a deletion of the
GRKS5 gene exhibit a depression-like phenotype due to loss of GRK5-mediated
desensitization of brain muscarinic receptors.108 Interestingly, patients with major
depression were found to have abnormally low B-arrestin expression in mononuclear
leukocytes. Moreover, a significant correlation existed between decreasing p-arrestin levels
and increasing depression severity in these patients.10” Glucocorticoids have been shown to
suppress expression of GRK2 and B-arrestins.108:109 Consequently, stress-induced
hypersecretion of CRF and cortisol may result in excessive central CRF; receptor signaling,
when GRK- and B-arrestin— mediated desensitization is deficient, thereby causing severe
anxiety and depression (Fig. 5). Thus, we posit a model of stress-induced depression in
which a mutation or acquired deficit (possibly from severe childhood stress or adult trauma)
of molecular mechanisms regulating CRF receptor signaling impairs homologous
desensitization.
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CRF, receptor—f-arrestin interactions may be relevant to other stress-induced affective
pathophysiology. Emerging preclinical evidence suggests that central BDNF signaling via
the TrkB receptor may play a wide ranging and important role in the etiology of stress-
induced affective pathophysiology through modulation of neuronal plasticity, learning, and
depression-like behavior.119-113 Recently, BDNF expression has been shown to upregulate
in the nucleus accumbens during chronic stress while injection of BDNF into the ventral
tegmentum and nucleus accumbens increases stress-induced social defeat and depressive-
like behavior.112-115 Therefore, increased BDNF-mediated synaptic plasticity in the
extended amygdala may result in maladaptive learning that leads to severe anxiety and
depression.113 Other studies have recently found that severe stress augments anxiety-like
defensive behavior and increases dendritic spine density of basolateral amygdalar
neurons.115 Furthermore, BDNF-induced phosphorylation and trafficking of TrkB receptors
in the basolateral amygdala contributes to stress-induced learning, while BDNF
overexpressing transgenic mice exhibit abnormally high anxiety-like defensive behavior and
excessive dendritic spinogenesis of basolateral amygdalar neurons.116:117 Epac-dependent
CRF; receptor signaling via the ERK-MAPK pathway has been found to potentiate BDNF-
stimulated TrkB signaling (Fig. 5).39 Recently, brain neurokinin 1 receptors have been
found to regulate p-opioid receptor signaling and trafficking via a p-arrestin2 mechanism in
brain neurons.118 Consequently, CRF; receptors may promote B-arrestin2—mediated
translocation of TrkB receptors to neuronal membranes, thereby promoting excessive
dendritic spinogenesis of basolateral amygdalar neurons that results in maladaptative
emotional learning and severe anxiety.

Finally, phosphorylation of a GPCR by certain GRKSs and binding of p-arrestin2 to the
phospho-receptor forms a scaffold that can stimulate a GPCR to signal selectively via the
ERK-MAPK or Akt pathways independent of Gy activation. Furthermore, “biased agonists”
have been found to induce a stable receptor conformation with selectivity for B-arrestin—
mediated signal transduction (Fig. 1).5°°6 The B-blocker carvedilol (Coreg) can act as a
“biased” ligand by stimulating a pattern of GRK-mediated phosphorylation of f1- and 2-
adrenergic receptors that results in a strong, preferential recruitment of B-arrestin2, which, in
turn, activates the Src-EGF receptor-ERK cascade implicated in myocyte survival and
healthy left ventricular functioning.119:120 Consequently, cardevilol’s cardioprotective
action and enhanced clinical efficacy in cardiovascular diseases may involve B-arrestin—
regulated intracellular signaling. Interestingly, the novel antipsychotic aripiprazole (Abilify)
can stimulate B-arrestin2 translocation from the cytoplasm to membrane dopamine D2
receptors, unlike classical neuroleptics or other atypical antipsychotics that inhibit
dopamine-induced B-arrestin2 recruitment by D2 receptors.12! This cellular action of
aripiprazole may contribute to its unique antipsychotic and mood stabilization actions.
Interestingly, activation of CRF, receptors by UCN2 and UCN3, but not CRF, promotes
ERK and Akt signaling.2#4 The rapid and strong recruitment of B-arrestin2 by the CRF
receptors after binding UCN2 or UCN3 may result in ERK and Akt pathway-selective
signaling, which may have an important influence on stress and anxiety responses.
Conceivably, development of novel ligands that direct brain CRF,(5) receptors to signal in a
pathway-selective manner could provide new anxiolytic or antidepressant
pharmacotherapies. Since abnormal signaling by both CRF receptors may contribute to the
pathophysiology of human anxiety, stress, and depressive disorders, further research on
GRK and B-arrestin mechanisms regulating neuronal signaling by CRF; and CRF» receptors
could provide further insight into the pathogenesis of depression and stress-induced affective
disorders.

NOTE ADDED IN PROOF: A new investigation replicated that the TAT haplotype
formed by CRF4 receptor rs7209436, rs110402, and rs242924 SNPs confers protection in
adults against the development of recurrent major depression following exposure to severe
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childhood stress,122 which was previously reported in two earlier studies.82123 Another
recently published study reported that CRF; receptor rs110402 and rs242924 SNPs
modulate dysregulation of adult HPA responsiveness induced by severe childhood
maltreatment.124 Therefore, CRF4 receptor gene variants may influence the emotional
consolidation of early life stress that contributes to the onset and recurrence of adult major
depression, consistent with preclinical studies showing that neuronal signaling by both CRF
receptors regulate the consolidation of aversive memories resulting from stress,88.105
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Figure 1.

Effect of agonists and antagonists on receptor conformations and G protein—coupled signal
transduction. Homologous desensitization rapidly regulates signaling after classical agonists
activate GPCRs. Antagonists inhibit Gsa coupling and B-arrestin recruitment. Certain
agonists selectively stimulate B-arrestin-biased signal transduction. (In color in Annals
online.)
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Intracellular sequences of the human CRF4 receptor. The full-length wild-type human CRF;
receptor is a 415 amino acid—long protein. Serines and threonines are highlighted in pink as
potential sites for GRK or PKC phosphorylation. Important motifs in the C terminus include
a potential arrestin binding site (T3995400p401T402) and a class | PDZ binding domain
(S*12T413A414\/415) that may regulate CRF4 receptor interactions with signaling proteins.
Agonist-induced phosphorylation of C-terminal motifs is required for translocation of -
arrestin2 to the membrane and hierarchical phosphorylation of the IC3’s STTSET motif.
Arrestin recruitment may also be promoted by the basic His?14 and the adjacent hydrophobic
sequence (A2161217\/218] 219) (n color in Annals online.)
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Figure 3.

Recruitment of B-arrestins by the agonist-activated CRF; receptor. Confocal images depict
the translocation of cytosolic B-arrestin1-GFP (A) or B-arrestin2-GFP (B) to membrane
CRF; receptors recombinantly expressed in HEK293 cells. A slower redistribution of -
arrestinl to the cell surface occurred after (2-, 5-, 20-min) treatment with 200 nM CRF while
a dramatically more rapid and robust recruitment of p-arrestin2 developed in cells after (20
sec, 40 sec, 20 min) treatment with 200 nM CRF.
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Figure 4.

Intracellular sequences of the human CRFy(,) receptor. The full-length wild-type CRFy(a)
receptor protein is 411 amino acids in length. Potential sites for GRK or PKC
phosphorylation, or arrestin recruitment are highlighted in pink. The CRF,(,) receptor C-
terminal tip does not contain a PDZ domain. (In color in Annals online.)
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Figure 5.

Major intracellular signal transduction pathways for CRF; and CRF, receptors. While the
dominant mode of signaling for both CRF receptors signaling is Gs-coupled AC-PKA
cascade, they may also signal via the PLC-PKC and ERK-MAPK cascades. CRF receptor
AC-PKA signaling is stringently regulated by GRK- and arrestin-mediated homologous
desensitization. Although the mechanisms regulating CRF receptor ERK-MAPK signaling
are not yet fully understood, this pathway may potentiate BDNF-stimulated TrkB receptor
function. (In color in Annals online.)
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