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Abstract

The reasons for differences in vulnerability or resilience to the development of posttraumatic
stress disorder (PTSD) are unclear. Here we review key genetic diatheses and molecular targets
especially signaling pathways that mediate responses to trauma and severe stress and their
potential contribution to the etiology of PTSD. Sensitization of glucocorticoid receptor (GR)
signaling and dysregulation of GR modulators FKBP5, STAT5B, Bcl-2, and Bax have been
implicated in PTSD pathophysiology. Furthermore, Akt, NFxB, MKP-1, and p11, which are G
protein-coupled receptor (GPCR) pathway molecules, can promote or prevent sustained high
anxiety and depressive-like behavior following severe stress. Agonist-induced activation of the
corticotropin-releasing factor CRF; receptor is crucial for survival in the context of serious danger
or trauma, but persistent CRF; receptor hypersignaling when a threatening or traumatic situation is
no longer present is maladaptive. CRFq receptor single nucleotide polymorphisms (SNPs) can
confer susceptibility or resilience to childhood trauma while a SNP for the PACL1 receptor, another
class B1 GPCR, has been linked genetically to PTSD. GRK3 phosphorylation of the CRF,
receptor protein and subsequent binding of Barrestin2 rapidly terminate Gs-coupled CRF; receptor
signaling by homologous desensitization. A deficient GRK-Barrestin2 mechanism would result in
excessive CRF receptor signaling thereby contributing to PTSD and co-morbid posttraumatic
depression. Clinical trials are needed to assess if small molecule CRF4 receptor antagonists are
effective prophylactic agents when administered immediately after trauma. parrestin2-biased
agonists for CRF receptors and possibly other GPCRs implicated in PTSD, however, may prove to
be novel pharmacotherapy with greater selectivity and therapeutic efficacy.
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1. Introduction

Although activation of stress systems is critical for survival in the context of internal or
external threats to homeostasis, rapid counter-regulation of the stress response systems is
equally important for re-establishing normal mood, neuroendocrine, autonomic, immune,
and metabolic functioning upon threat termination (Bale & Vale 2004; Feder et al 2009;
Hauger et al 2006; Juster et al 2010). Abuse or deprivation early in life or exposure to
traumatic, uncontrollable stress at any age can permanently increase an individual’s
responsiveness to further stress and reduce ability to cope with aversive events (Heim et al
2008). An important conceptualization of “resilience” relates to the threshold at which
particular perturbations activate stress systems, as well as the rapidity and degree to which
stress responses cease with termination of the aversive stimulus (Feder et al 2009; Gillespie
et al 2009; Juster et al 2010). Cell signaling abnormalities may determine vulnerability to the
detrimental consequences of trauma and severe stress.

Posttraumatic stress disorder (PTSD) occurs in some but not all who are exposed to trauma
or severe stress with the risk for developing PTSD following trauma ranging from 5 to 31%
(Kessler et al 1995; Skelton et al 2011), with the most commonly accepted prevalence being
in the vicinity of 15%. The reasons for these differences in prevalence are not completely
clear, but likely relate to heterogeneity in the populations studied in terms of severity and
type of trauma, pre-existing traumatic episodes, and criteria used for diagnosis. For example,
diagnostic criteria for PTSD outlined in the Diagnostic and Statistical Manual (APA 2000)
are different from those specified in the International Classification of Diseases (World
Health Organization 1992). PTSD poses a considerable health and societal burden due to its
severity and chronicity, and high rates of comorbidity with major depression and bipolar
illness, increased risk of suicide, and marked psychosocial and occupational impairment
(Bauer et al 2005; Kessler et al 1995; Nemeroff et al 2006). Furthermore, PTSD patients
have an increased incidence of coronary artery disease, chronic inflammation, metabolic
syndrome, and early mortality for unknown reasons (Ahmadi et al 2011; Pace & Heim 2011;
Rasmusson et al 2010). Recently PTSD patients with a history of childhood trauma were
found to have abnormally short telomere length that can accelerate biological aging
(O’Donovan et al 2011a). Because preventing PTSD and improving PTSD treatment and
outcome are urgent clinical issues, understanding the molecular and cellular mechanisms
that confer PTSD susceptibility and chronicity is a high priority.

Earlier studies showed that the intensity and duration of stress exposure determine a
significant proportion of an adult’s risk for developing PTSD following a traumatic event
(Kessler et al 1995; Nemeroff et al 2006). Accordingly, the incidence of PTSD is
particularly high in soldiers traumatized by intense combat and in police, firefighters, and
other civilian personnel routinely exposed to violence or life-threatening emergencies
(Nemeroff et al 2006). Responsiveness to and recovery from trauma in adulthood can also
be modulated by the early developmental environment (Gillespie et al 2009; Heim et al
2008). Individuals subjected to severe abuse and deprivation during their childhood later as
adults exhibit dysregulation of the hypothalamic-pituitary-adrenocortical (HPA) axis,
persistently severe anxiety, and a high susceptibility to developing PTSD and major
depression when exposed to trauma or severe stress (Heim et al 2008; Yehuda et al 2010).
Violent assaults occurring before the age of 15 increase the risk of PTSD 5-fold following a
traumatic event in adulthood (Breslau et al 1999).
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Genetic and molecular abnormalities may determine whether an individual is susceptible to
the predisposing effect of severe childhood stress on the development of PTSD or major
depression in adulthood. Likewise, genetic and molecular differences may confer
vulnerability or resilience to adult trauma (Gillespie et al 2009). The Institute of Medicine
(2008) concluded that current medications used to treat PTSD lack a consistent and
compelling scientific evidence base. A critical step toward developing PTSD treatments
with greater specificity and efficacy is elucidating molecular targets and intracellular
signaling pathways that mediate maladaptation or resilience to trauma and severe stress.
This article will review candidate genes, novel molecular targets, and regulators of
corticotropin releasing factor (CRF) receptor signaling that, when dysregulated, may
generate core PTSD endophenotypes. CRF has been proposed to be involved in modulation
of the stress response and in emotional memory consolidation, and is therefore a likely
candidate for involvement in PTSD in several ways, as will be described next.

2. Potential Genes for PTSD Pathophysiology

Excellent reviews of genetic, epigenetic, and gene expression research in PTSD can be
found in this special issue of Neuropharmacology (Mehta & Binder 2011; Skelton et al
2011) and elsewhere (Gillespie et al 2009; Yehuda et al 2011). A major neuroendocrine
finding is that PTSD patients exhibit abnormally high glucocorticoid receptor (GR)
sensitivity resulting in HPA oversuppression by corticosteroid negative feedback (Yehuda
2009). A recent study suggests that high premorbid GR expression may be a critical
vulnerability factor for developing PTSD following combat trauma (van Zuiden et al 2011).
The immunophilin FKBP5 is a HSP90 co-chaperone that strongly controls GR sensitivity
and signaling. FKBP5 binds to GR in the cytosol thereby decreasing GR ligand affinity and
nuclear translocation. FKBP5 single nucleotide polymorphisms (SNPs) have been
genetically linked to following: (1) abnormal HPA regulation and brain CRF hypersecretion;
(2) dissociative symptoms after trauma (a predictor of PTSD development) in children; (3)
adult PTSD risk in individuals subjected to severe childhood abuse; (4) stress-induced onset
and recurrence of major depression; and (5) antidepressant response (Binder et al 2008,
2009; Skelton et al 2011). One specific FKPB5 SNP, rs9296158, confers a high risk for
developing PTSD in individuals traumatized as children and is associated with excessive GR
sensitivity to glucocorticoid negative feedback in PTSD patients (Mehta & Binder 2011;
Mehta et al 2011). A recent study found that only risk allele A carriers of rs9296158
exhibited excessive glucocorticoid negative feedback of HPA secretion with adult PTSD
following childhood trauma (Mehta et al 2011). Furthermore, gene microarray studies have
detected abnormally low FKBP5 expression in blood cells of PTSD patients in carriers of
the FKPB5 SNP rs9296158 risk allele A (Yehuda et al 2009; Mehta et al 2011). Therefore,
FKBP5 SNPs may dysregulate HPA axis function in PTSD in specific manner by selectively
changing cellular expression of FKBP5 and sensitivity of GR signaling (Mehta & Binder
2011).

Gene expression studies have also found a significant reduction in STAT5B mRNA levels in
blood cells from PTSD patients, especially those carrying the FKPB5 SNP rs9296158 risk
allele A (Mehta et al 2011; Yehuda et al 2009). Since docking of GR at binding site on the
STATS5B N-terminus inhibits GR translocation to the nucleus, a STATSB deficiency could
promote excessive GR signal transduction and GR-mediated transcription of target genes.

Since activation of the two CRF receptors expressed in the central nervous system, CRF
and CRF,, by CRF and the related urocortin peptides mediate behavioral, cognitive,
autonomic, neuroendocrine and immune responses during stress (Bale & Vale 2004;
Dautzenberg & Hauger 2002; Hauger et al 2009), they have been implicated in PTSD onset
and recurrence. As we will discuss later (see section 4), preclinical studies have shown that
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strong activation of CRF4 receptor signaling can induce severe anxiety and startle
hyperreactivity while patients with severe PTSD exhibit overly active brain CRF
neurotransmission and abnormal HPA regulation (Feder et al 2009; Hauger et al 2006;
Risbrough et al 2004; Risbrough & Stein 2006; Yehuda 2009). SNPs in the CRF1 receptor
gene have been shown to modulate emotional consolidation of aversive memories from
severe stress in childhood as well as susceptibility or resilience to major depression in
adulthood (Gillespie et al 2009). Individuals who are homozygous for alleles TT (SNP
rs7209436) or AA (SNP rs242940) in the CRFq receptor intron 1 are protected against adult
major depression after being traumatized as children (Gillespie et al 2009). Other studies
have found that the TAT haplotype formed by CRF; receptor SNPs rs7209436, rs110402,
and rs242924 confers resilience against developing depression and HPA dysregulation in
adulthood following exposure to severe childhood stress (Polanczyk et al 2009; Tyrka et al
2009). Although the above CRF4 receptor polymorphisms did not alter the risk for adult
PTSD after childhood abuse, CRF1 receptor SNP rs12944712 significantly predicted acute
onset of PTSD in traumatized pediatric patients (Amstadter et al 2011). A recent preclinical
epigenetic study reported that stress could induce CRF hypersecretion by de-methylating the
CRF gene promoter (Elliot et al 2010), which may represent another mechanism whereby
abnormalities in the CRF system contribute to PTSD.

Rapid agonist-induced activation of brain and anterior pituitary CRF4 receptors generates
critical defensive behaviors, HPA hypersecretion, and other physiological responses
required to survive trauma and stress but subsequent strong counterregulation of CRF;
receptor signal transduction is necessary to prevent stress pathology (see sections 5-6). Gs-
coupled CRF; receptor signaling is regulated by GPCR kinase 3 (GRK3) phosphorylation
and Parrestin2 recruitment (Figure 1). Similarly, the PACAP receptor type 1 (PAC1), a
member of the class B1 group of the GPCR superfamily, like both CRF receptors, is
homologously desensitized by a GRK3-parrestin mechanism (Dautzenberg & Hauger 2001).
PAC1 receptor expression was found to be upregulated in the amygdala of mice subjected to
fear conditioning and in the dorsolateral bed nucleus of the stria terminalis (BNST) of
chronically stressed rats (Hammack et al 2010; Ressler et al 2011). With regard to the
considerably higher incidence of PTSD in women compared to men, chronic estradiol
treatment of female rats increased mRNA levels of PACAP ligand and PAC1 receptors in
the BNST, while a SNP in the estrogen response element of the PAC1 receptor has been
genetically linked to PTSD (Ressler et al 2011). Interestingly, PACAP and PAC1 receptors
are highly expressed in the bed nucleus of the stria terminalis (BNST) and amygdala nuclei
that co-express CRF and CRF receptors (Hammack et al 2010). In addition, PACAP-
expressing neurons synapse directly on CRF-expressing neurons in the BNST and
hypothalamic paraventricular nucleus (Hammack et al 2010). While PAC1 and CRF1
receptor signaling pathways may coordinate response and recovery to trauma and severe
stress in a synergistic manner, additive effects of these two neuropeptide systems may be an
alternative possibility. Furthermore, although speculative, dysregulation in the interaction of
CRF and PAC1 receptor signaling pathways may possibly contribute to PTSD
pathophysiology.

3. Molecular and Cell Signaling Targets for PTSD and Co-Morbid
Depression

Recent receptor molecular biology research has revealed important findings about stress-
induced anxiety and depressive disorders. After yeast two-hybrid screens identified p11 as a
chaperone of serotonin (5-HT) receptors, mainly 5-HTqp, and 5-HT 4 receptors, p11 was
shown to promote translocation of these serotonin receptors to the cell surface thereby
enhance their signaling (Svenningsson et al 2006). A depressive-like phenotype is exhibited
by p11 knockout mice exposed to stress, an effect that was reversed by restoring normal p11
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expression (Svenningsson et al 2006; Alexander et al 2010). Consistent with this data,
forebrain p11 levels are abnormally low in mice exhibiting high learned helplessness
following shock stress, and in patients with unipolar depression (Svenningsson et al 2006).
Similarly, mice with a siRNA-induced reduction in forebrain p11 expression develop
depressive-like behavior when exposed to severe stress (Alexander et al 2010). Prefrontal
pl1 expression is upregulated, however, in PTSD patients and in an animal model of PTSD
(Zhang et al 2008), suggesting that p11 may be differentially involved in stress vs depressive
pathophysiology. Further studies are required to clarify these findings, because stress and
depressive disorders are often show similarities in pathophysiology, but in this case they
may be opposite.

Using whole genome arrays, a transcriptome study discovered upregulation of MAP kinase
phosphatase-1 (MKP-1) in the dual specificity phosphatase 1 (DUSP1) pathway and
downregulation of downstream signaling proteins MEK2, ERK2 and CREBL1 in
postmortem hippocampal samples from patients with major depression (Duric et al 2010).
When high hippocampal expression of MKP-1 was induced by uncontrollable stress or a
viral MKP-1 transgene, rats exhibited depressive-like behavior (Duric et al 2010).
Interestingly, MKP-1 KO mice did not develop anxiety- and depressive-like behavior during
stress exposure (Duric et al 2010). In other work, the expression of constitutively active Akt
in the ventral tegmentum (VTA) by viral gene transfer also conferred resilience to social
defeat stress (Krishnan et al 2008). In contrast, mice in which endogenous Akt activity was
blocked by overexpression of an Akt dominant negative protein in the VTA developed
stress-induced anxiety- and depressive-like behavior (Krishnan et al 2008). Abnormally
prolonged contextual and sensitized fear in response to inescapable stress has been observed,
however, in mice with high levels of phosphorylated Akt in the dorsal hippocampus and
basolateral amygdala (Dahloff et al 2010). Although further research is required on brain
specific actions of these signaling proteins, MKP-1 and PI13K-Akt signaling pathways may
be novel molecular targets for PTSD and co-morbid depression.

Cell signaling via the pro-inflammatory NF«xB cascade can also mediate anxiety- and
depressive-like behavior following stress (Koo et al 2010). In a recent gene microarray
study, mRNA levels of NFxB and CREB/ATF were found to be upregulated in monocytes
of PTSD patients (O’Donovan et al 2011b). Uncontrollable stress markedly reduces
mitochondrial levels of the anti-apoptotic protein B-cell CLL/lymphoma 2 (Bcl-2) in cortical
neurons and causes excessive NF-xB signaling, thereby impairing hippocampal
neurogenesis (Hunsberger et al 2009; Koo et al 2010). Bag-1, another potential PTSD target,
attenuates GR nuclear trafficking and potentiates Bcl-2-mediated cell survival (Hunsberger
et al 2009). Severe stress also increases expression of the pro-apoptotic Bax (Bcl-2-
associated X protein) and induces neuronal apoptosis in the hippocampus (Li et al 2010).
These pro- and anti-apoptotic mediators may contribute to small hippocampal volume and
impaired hippocampal function associated with PTSD (Acheson et al 2011).

4. CRF Receptor Signaling Regulation and PTSD Pathophysiology

Activation of the two cloned CRF receptor subtypes, CRF; and CRF,, by CRF and
urocortins mediate behavioral, cognitive, HPA, and autonomic responses to stress.
Compelling evidence indicates that CRFq receptor activation is necessary, and in many cases
sufficient, to initiate anxiety-like defensive and HPA responses to stress (Bale & Vale 2004;
Hauger et al 2006, 2009; Liapakis et al 2011). While CRF4 receptor activation is crucial for
survival in the context of threat, persistent CRF receptor hypersignaling when danger is no
longer present is maladaptive. Over the past decade, “hypersecretion of heuronal CRF” has
been an important hypothesis for PTSD pathophysiology based on measurement of
abnormally high CRF levels in the cerebrospinal fluid of PTSD patients, with the highest
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CRF concentrations being associated with greatest illness severity, suicide and psychosis
(Baker et al 1999; Bremner et al 1997; Sautter et al 2003). PTSD patients with evidence of
brain CRF hypersecretion and HPA dysregulation also exhibit startle hyperreactivity in
stressful contexts (Risbrough & Stein 2004). Abnormally high CSF levels of CRF, CRF
hyperexpression in forebrain neurons, and aberrant HPA functioning are also associated
with major depression with depressed suicide victims having the highest CRF concentrations
(Hauger et al 2006, 2009). Thus, excessive brain CRF neurotransmission may contribute to
both PTSD and co-morbid depression.

Startle hyperreactivity is a cardinal manifestation of hyperarousal in PTSD. Activating CRF
receptor signaling by CRF injection, stress, or forebrain CRF overexpression in rodents
strongly potentiates startle reactivity and induces sustained anxiety-like defensive behavior
(Risbrough et al 2004, 2009; Keen-Rhinehart et al 2008). Conversely, stress- and CRF-
induced startle hyperreactivity are inhibited by CRF; receptor gene knockout or selective
CRF; receptor antagonist treatment (Risbrough et al 2004, 2009). Furthermore, CRF
receptor signal transduction can amplify immediate and enduring fear and anxiety responses
to threatening and traumatic stimuli (Risbrough et al 2009; Adamec et al 2010). The
dominant mode of CRF receptor signal transduction involves coupling of the receptor’s third
intracellular loop to Gsa to activate adenylyl cyclase and generate cyclic AMP which, in
turn, stimulates protein kinase A (PKA) to phosphorylate cytosolic and nuclear targets
(Figure 1) (Hauger et al 2006; Liapakis et al 2011; Perrin & Vale 2002). Since
pharmacological inhibition of PKA or PKC activity blocks CRF-induced startle
hyperreactivity (Hauger et al 2010), excessive Gs- and Gg-coupled CRF; receptor signaling
may mediate the hypersensitive startle reflex and the severe sustained anxiety, which are
cardinal PTSD symptoms.

One interesting downstream target of CRF; receptor signaling (via the cyclic AMP-PKA
cascade) is SGK-1 (Figure 1), a member of the AGC serine/threonine protein kinase family
that promotes survival during cellular stress and regulates synaptic plasticity. SGK-1
expression is abnormally low both in the prefrontal cortex of rodents exhibiting learned
helplessness after exposure to inescapable stress and in PTSD patients (Licznerski et al
2010). In addition, transgenic mice overexpressing a SGK-1 dominant negative mutant fail
to develop stress-induced learned helplessness (Licznerski et al 2010). In hippocampal
neurons, prolonged CRF; receptor signaling via the cyclic AMP-PKA pathway likewise
increases MRNA and protein levels of SGK-1 (Sheng et al 2008). Therefore, regulation of
SGK-1 function by Gs-coupled CRF; receptor signaling may be involved in central
responses to severe stress and trauma.

CRF; receptor signaling via the cyclic AMP-PKA-CREB cascade can upregulate central
brain-derived neurotrophic factor (BDNF) expression (Bayatti et al 2005). Additionally,
independent of PKA, Gs-coupled CRF receptor signaling in limbic neurons can activate
Epac (exchange protein directly activated by cyclic AMP) which, in turn, potentiates BDNF-
stimulated TrkB signaling by trafficking TrkB receptors to neuronal membranes (Traver et
al 2006). This CRF-R1 Epac cascade promotes BDNF-induced proliferation of LC
noradrenergic neurons, which may alter behavioral adaptation to trauma and severe stress.
“Resilient” rats that do not develop excessive anxiety after stressful exposure to a cat
(predator) exhibit retracted dendritic arbors with increased branch packing in CRF4 receptor-
expressing basolateral amygdala (BLA) neurons (Mitra et al 2009). In contrast, rats
developing a persistently high level of anxiety defensive behavior following severe stress
have hyperarborization of BLA dendrites (Mitra et al 2009). In addition, dendritic branching
of locus coeruleus neurons has been found to be mediated by phosphorylation of RhoA
GTPase induced by CRF4 receptor-mediated PKA activation (Swinny & Valentino 2006).
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CRF; receptors can also signal through other cellular pathways that may be involved in
PTSD pathophysiology (Figure 1). CRF; receptors activated by CRF can stimulate a rapid
phosphorylation of Akt at Ser473 that is mediated by upstream Src and PI-3 kinase (Olivares-
Reyes & Hauger, unpublished data). Preclinical research has shown that activated Akt in the
ventral tegmentum promotes resilience to anxiety- and depressive-like responses to stress
(Krishnan et al 2008), while high levels of phosphorylated Akt in the dorsal hippocampus
and basolateral amygdala prolongs contextual and sensitized fear induced by inescapable
stress (Dahloff et al 2010). Therefore, the consequences of CRF4 receptor Akt signaling
during trauma and severe stress may differ depending on the brain region.

CRF; receptors can also activate the pro-inflammatory regulator NFxB and the pro-
apoptotic proteins Bax and Bad (Smith et al 2006; Tsatsanis et al 2005). Uncontrollable
stress markedly reduces expression of the anti-apoptotic protein Bcl-2 and increases levels
of Bax in the hippocampus, thereby favoring apoptosis (Hunsberger et al 2009), while strong
NF-xB signaling has been implicated in severe anxiety and stress-induced depression (Koo
et al 2010). Scaffolding of 1xB by parrestin2 can inhibit translocation of NFxB into the
nucleus while BArrestin2 promotes Akt signaling by dopamine D, receptors (Figure 1)
(Shenoy & Lefkowitz 2011; Whalen et al 2011). The complexity of CRF4 receptor signaling
via these pro-inflammatory and apoptotic pathways requires further investigation to
determine the molecular mechanisms regulating their processes and their importance in
PTSD pathophysiology.

Interestingly, transgenic mice overexpressing CRF develop high limbic expression of
FKBPS5, a chaperone regulating GR action and genetically linked to PTSD and stress-
induced depression (Peeters et al 2004) (see the earlier discussion of FKBP5 in section 2).
CRF4 receptors can also interact via a PKA-CREB mechanism with STAT3, which
associates with ligand-bound GR to form a transactivating signaling complex (Mynard et al
2004). Thus, potential cross-talk between CRF receptor and GR signaling pathways may
play an important role in vulnerability or resilience to trauma and severe stress.

5. GRK- and Barrestin-Mediation of Homologous GPCR Desensitization

Stringent regulation of cellular signaling by GPCRs is critical for preventing the detrimental
and illness-inducing effects of unrestrained receptor signaling. Coincident with the rapid
generation of cellular signals by GPCRs following agonist binding is the development of an
equally rapid process referred to as homologous desensitization, a process that terminates G
protein-mediated signal transduction (Figure 1). Homologous desensitization requires
agonist-activated receptors to selectively recruit a specific GRK that phosphorylates targeted
serines and threonines in the receptor’s intracellular loops or C-terminus (Shenoy &
Lefkowitz 2011; Whalen et al 2011). Immediately afterward, phosphorylated receptors
induce translocation of cytoplasmic Parrestinl and parrestin2 to the cell surface where
arrestin proteins bind to specific intracellular motifs on the GPCR and thereby uncouple the
receptor from its cognate Ga subunit (Figure 1) (Shenoy & Lefkowitz 2011; Whalen et al
2011). pArrestins then target GPCRs to clathrin-coated pits, resulting in internalization of
receptors into cytosolic endosomes where they are either sorted for dephosphorylation and
recycling back to the plasma membrane or trafficked into lysosomes for degradation (Figure
1) (Oakley et al 2007; Shenoy & Lefkowitz 2011; Whalen et al 2011). GPCR-arrestin
interactions are divided into two types: (i) Class A GPCRs which dissociate from parrestin
at or near the plasma membrane after forming a transient complex and then the
phosphorylated receptor internalizes without the arrestin protein. (ii) Class B GPCRs which
form a stable complex with Barrestins and then internalize as a unit into cytoplasmic
endocytic vesicles (Oakley et al 2007). In addition, Barrestins can transduce cell signals by
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forming a scaffold between upstream molecules that activate Akt, NFxB, ERK, or other
pathways independent of G protein coupling (Figure 1) (Shenoy & Lefkowitz 2011).

6. GRK Regulation of CRF; receptor cyclic AMP signaling

CRF hypersecretion alone cannot be sufficient, however, to cause enhanced brain CRF
receptor signaling in PTSD and co-morbid depression considering that GPCRs exposed to
high agonist concentrations are rapidly counterregulated by GRK-Barrestin desensitization
and internalization (Dautzenberg et al 2001, 2002; Hauger et al 1997, 2006; Perry et al 2005;
Teli et al 2005). Accordingly, in the presence of high saturating concentrations of
endogenous ligands CRF or UCN1, CRF; receptors undergo rapid hierarchical
phosphorylation, which first occurs in the C-terminus and then proceeds through the third
intracellular loop’s STTSET, a motif favored by acidotropic GRKs (Hauger et al 2000;
Oakley et al 2007). When HEK293 cells recombinantly expressing CRF receptors are
acutely stimulated with CRF, GRKS3 rapidly translocates from cytosol to cell membrane
(Teli et al 2005). Reducing cellular levels of GRK3 protein by >50% - by transfection of
human retinoblastoma Y79 cells endogenously expressing CRF; receptors with a GRK3
antisense cDNA - inhibited homologous CRF receptor desensitization ~70% (Figure 2)
(Dautzenberg et al 2001). In agreement with this finding, pretreatment of HEK293 cells with
an antibody that blocks endogenous GRK3 action suppressed homologous CRF; receptor
desensitization (Teli et al 2005). During prolonged exposure to high CRF, expression of
GRK3 (but not GRK2) markedly upregulated within Y79 cells, presumably to maximize
phosphorylation and desensitization of CRFq receptors (Dautzenberg et al 2002). When the
level of GRK3 protein was increased 5.0 + 0.2-fold above the endogenous level - by
transfecting HEK293 cells stably expressing CRF; receptors with GRK3 cDNA - the
maximum CRF-stimulated cyclic AMP accumulation was decreased 33.0 + 3.2% compared
to the cyclic AMP response maximum in control cells (Figure 3). Whereas GRK3
overexpression was observed to desensitize Gs-coupled CRF; receptor signaling, GRK6
overexpression did not alter CRF-stimulated cyclic AMP accumulation (Figure 3).
Specialization of GRK isoform action has previously been established. Overexpression of
GRK2 (but not GRK5) strongly promotes homologous desensitization of endothelin receptor
signaling although both GRKs phosphorylate the receptor protein (Freedman et al 1997).
Agonist-induced phosphorylation of vasopressin V2 receptors and desensitization of Gs-
coupled V2 receptor signaling are significantly inhibited by siRNA-induced knockdown of
GRK3 but not GRK5 or GRK6 (Ren et al 2005). Emerging evidence indicates GRK
specificity creates a “phosphorylation barcode” that imparts a distinct GPCR conformation
that governs desensitizing and signaling functions of Barrestins (Shenoy & Lefkowitz 2011).

7. BArrestin Regulation of CRF; receptor signaling

GRK-mediated phosphorylation of C-terminal and/or third intracellular loop serines and
threonines of a receptor protein increased the GPCR’s affinity for Barrestins up to 30-fold,
thereby triggering the translocation of one or both arrestin proteins from the cytoplasm to
the agonist-activated membrane receptors (Shenoy & Lefkowitz 2011). Upon exposure of
CRF1-expressing HEK293 cells to 100nM CRF, Barrestin2-GFP rapidly (1-2 min) and
robustly translocated from the cytoplasm to the CRF; receptors at the plasma membrane
(Oakley et al 2007; Hauger et al 2009). Importantly, CRF4 receptors appear to preferentially
recruit parrestin2 over parrestinl from the cytosol to the cell surface (Hauger et al 2009;
Holmes et al 2006; Oakley et al 2007). This selective recruitment and binding of Barrestin2
by the agonist-activated CRF, receptor is mediated by two distinct domains: (1) a
phosphorylation-dependent motif in the C-terminus including a TPST sequence that may be
transformed into an active Barrestin2 binding site by GRK3 phosphorylation; (2) a
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phosphorylation-independent motif in one or more of the intracellular loops (Oakley et al
2007).

With longer CRF agonist exposure, a punctate pattern of fluorescence appears at the plasma
membrane indicating localization of Barrestin2-GFP with the CRF4 receptor in clathrin-
coated pits (Figure 4). Although CRF; receptors internalize in response to agonist via
pBarrestin- and dynamin-dependent mechanisms (Holmes et al 2006; Oakley et al 2007),
Barrestin2-GFP remains at the cell surface and does not traffic with the CRF; receptor into
endocytic vesicles even after prolonged CRF exposure (Figure 4). Because neither of the
arrestin isoforms traffics with the receptor into cytosolic endosomes, the CRF4 receptor
exhibits a “class A” interaction with parrestins (Holmes et al 2006; Oakley et al 2007).
Overexpressing GRK3, GRKS5, or GRKG6 in CRF; receptor-expressing HEK293 cells did not
alter the class A pattern or the magnitude of CRF-induced parrestin2 recruitment (Figure 4).
Interestingly, overexpression of GRK5 and GRK®, but not GRK3, promoted a small level of
basal translocation of parrestin2-GFP to CRF receptors in the absence of agonist (Figure 4),
suggesting that these two membrane-bound GRKSs can phosphorylate the CRF; receptor in
an inactive conformation prior to agonist binding. A portion of phosphorylated GPCRs
appear to remain at the membrane where they can rapidly bind again to parrestin2 if they are
re-stimulated by agonist (Krasel et al 2005).

8. Conclusions

Pharmacotherapy currently available to treat PTSD is lacking a robust evidence base. One
reason is that the molecular processes, and especially cell signaling, which can confer
vulnerability or resilience to severe stress and underlying PTSD pathophysiology are not
fully understood. Increasing evidence implicates dysregulated GR signaling in the
pathogenesis of PTSD. Recently, cellular expression of FKBP5 or STAT5B, both of which
regulate GR function, has been shown to be decreased in carriers of the FKPB5 SNP
rs9296158 risk allele A that confers a high rate of PTSD following trauma in adults who
experienced severe childhood stress (Yehuda et al 2011; Mehta & Binder 2011). PTSD
pathophysiology may also involve anti-apoptotic proteins Bcl-2 and possibly Bag-1 that can
attenuate GR nuclear trafficking and promote hippocampal neuron survival, and Bax, which
is a downstream GR mediator of neuronal apoptosis in the hippocampus during stress-
induced glucocorticoid hypersecretion (Hunsberger et al 2009).

Seven-transmembrane G protein-coupled receptors (GPCRS) represent the largest
superfamily of cell surface receptors, comprising fully 1% of the human genome and
transducing signals from a diverse array of extracellular ligands, some of which are critical
mediators of the stress response. Targeting GPCRs has generated some of the most
successful pharmacotherapy in modern medicine (Whalen et al 2011). In recent animal
model research, signaling proteins in GPCR pathways including Akt, NFxB, MKP-1, and
pll can trigger anxiety- or depressive-like behavior during severe inescapable stress. CRFq
receptor signaling can activate these Akt, NFxB, and STAT3 pathways that may contribute
to PTSD pathophysiology. Moreover, preclinical studies have shown that strong Gs-coupled
CRF receptor signaling - activated by stress, transgenic CRF overexpression, or high
exogenous CRF - can induce persistently high anxiety and startle hyperreactivity that are
cardinal signs of PTSD, whereas CRF4 receptor gene knockout or selective CRF4 receptor
antagonist treatment can block these stress responses (Risbrough et al 2004, 2009; Keen-
Rhinehart et al 2008).

While CRF; receptor activation is crucial for survival in the context of severe danger or
trauma, persistent CRF4 receptor hypersignaling when threat or severe stress is no longer
present is maladaptive. GRK3 and Parrestin2 appear to have critical roles in terminating Gs-
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coupled CRF; receptor signaling (Hauger et al 2006, 2009; Holmes et al 2006; Teli et al
2005). Current evidence indicates that a large deficiency in GRK3 results in CRF4 receptor
supersensitivity, while high cellular levels of GRK3 maximize CRF; receptor
desensitization (Dautzenberg et al 2001; Figures 2-3). Interestingly, GRK3 protein levels in
the amygdala and locus coeruleus are significantly reduced in rats developing learned
helplessness after unpredictable, inescapable stress, while resilience to this severe stressor is
associated with normal GRKS3 expression and function (Taneja et al 2011). CRF-induced
activation of CRFq receptors promotes one of the strongest translocation responses of
Barrestin2 from cytosol to cell surface observed for studied class A GPCRs (Hauger et al
2009). Additionally, Gs-coupled CRF; receptor signaling becomes dramatically upregulated
be five-fold in cells with a deletion of the Barrestin2 gene (Hauger & Oakley, unpublished
data). The swift return of Barrestin2 to phosphorylated CRF; receptors in response to
repeated trauma may prevent excessive CRF4 receptor signaling and, if this regulatory
mechanism fails, would be expected to markedly impair stress recovery and increase the
magnitude and duration of anxiety responses. Therefore, the loss of GRK-Barrestin2-
mediated homologous desensitization resulting in unrestrained CRF1 receptor signaling via
the adenylyl cyclase-protein kinase A cascade, combined with brain CRF hypersecretion,
may represent a critical pathophysiological mechanism for PTSD (Figure 5).

Small molecule antagonists that bind to CRF4 receptor transmembrane spanning J-domain
and allosterically inhibit Gsa.coupling to CRF-R1 remain untested in PTSD patients,
although they have equivocal antidepressant effects (Hauger et al 2009; Liapakis et al 2011).
CRF; receptor antagonism has the strongest anxiolytic action in preclinical models with
high “trait” anxiety, or in animals exposed to severe stress that “sensitizes” subsequent stress
responses, both of which are presumably mediated by abnormally high CRF levels and
excessive CRF4 receptor signaling (Hauger et al 2006). Thus, a CRF; receptor antagonist
would be expected to normalize pathological anxiety states resulting from hyperactive CRF;
receptors without altering normal CRF; receptor-mediated physiology (Steckler 2010).
Accordingly, small molecule CRF; receptor antagonists may be effective in treating PTSD,
especially as acute prophylactic agents administered immediately after trauma in order to
block stress-induced CRF4 receptor signal transduction in vulnerable individuals (Figure 5).

CRF; receptor antagonists inhibit, however, Barrestin2 recruitment and HPA responses to
trauma, which may be critical for homeostatic stress adaptation. An important new GPCR
ligand class is the “biased agonist”, which induces a stable receptor conformation incapable
of coupling to Ga but strongly recruiting Barrestin to shift signaling to Barrestin-mediated G
protein-independent pathways (Figure 5). BArrestin-biased agonists targeting angiotensin Il
type 1 receptors have already entered clinical trials in patients with acute heart failure
(DeWire & Violin 2011). Future research will be required, however, to determine if biased
agonists directing CRF; receptors to selectively activate specific Barrestin2 pathway
molecules without triggering Gs-coupled signaling will prove to be effective PTSD
pharmacotherapy.
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Figure 1. Regulation of intracellular signal transduction pathwaysfor CRF receptors

The major mode of signaling for both CRF receptors is coupling to Gsa and activating the
adenylyl cyclase-protein kinase A cascade although CRF; and CRF; receptors can also
signal via the phospholipase C-protein kinase C cascade in certain cells and neurons. Gs-
coupled CRF; receptor signaling is stringently regulated by GRK3- and Barrestin2-mediated
homologous desensitization. CRF receptors can also activate Akt, NFxB, ERK, STAT, and
Bax, which are potential molecular targets for PTSD possibly under regulation by parrestin2
scaffolding and other upstream signaling proteins.
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Figure 2. Effect of GRK 3 deficiency on Gs-coupled CRF1 receptor signaling

A: In a representative experiment, GRK3 protein levels were decreased by 64.2% (lane 1)
and 50.6% (lane 3), respectively, in the two different groups of human retinoblastoma Y79
cells transfected with a GRK3 antisense construct 60 h earlier compared to control vector-
transfected cells (lanes 3 & 4). B: In six independent experiments, a significant GRK3
deficiency was induced by GRK3 antisense cDNA transfection (>50% decrease) compared
to GRK3 protein levels following control vector transfection. C: In six independent
experiments, the magnitude of homologous CRF1 receptor desensitization was decreased
69.0 + 2.1% in GRK3 antisense-transfected cells compared to control cells (Dautzenberg et
al 2001). *p<0.0001 vs Control.

Neuropharmacology. Author manuscript; available in PMC 2013 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Page 19

- 160 A b

3

S
]

o

= e Control = m  Control
140 2

= o GRK3 £ O GRK6
o 120 o 60
[} o
£ 100 £
s a s
% 80 % 40
< 60 <
L 40 L 20F
S 20 S
19) [

0 ¢ v v T T ] T T T T ]

-12 -11 -10 -9 -8 -7 -6 -12 -11 -10 -9 -8 -7 -6

M [CRF] M [CRF]

Figure 3. Effect of GRK 3 or GRK 6 overexpression on Gs-coupled CRF1 receptor signaling

A: After HEK293 cells stably expressing CRF4 receptors were transfected with empty
vector (Control) or GRK3, dose-response curves for stimulation of intracellular cyclic AMP
accumulation by CRF (0-1 . M for 15 min) were completed 48 hours later. In this
representative experiment, the maximum was significantly decreased in GRK3
overexpressing cells (103 + 3 pmoles/well) compared to control cells (152 £ 5 pmoles/well).
By ANOVA, there was a significant stimulation by CRF in each cell group (p<0.001) and a
significant difference across CRF concentrations between CRF; receptor expressing-
HEK?293 cells with and without GRK3 overexpression. By planned post-hoc comparisons,
the following differences were found to be statistically significant: 2p<0.05 vs

Control; Pp<0.0001 vs Control. In four independent experiments, GRK3 overexpression
consistently desensitized CRF; receptors inducing a 33.0 + 3.2% decrease in CRF-
stimulated cyclic AMP accumulation. B: In a representative experiment, GRK6
overexpression did not desensitize Gs-coupled CRF; receptor signaling. This result was
replicated in two independent experiments in which the levels of GRK6 overexpression
were similar to the levels of GRK3 overexpression.
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Figure 4. Recruitment of Barrestin2 by agonist-activated CRF1 receptors

Confocal microscopy was used to evaluate the interaction of parrestin2-GFP with CRF,
receptors (CRF1R) in real time and in live HEK293 cells co-transfected 48 h earlier with
either empty vector (top panel), GRK3, GRKS5 or GRK®. This representative experiment
shows the distribution of Barrestin2-GFP in cells before (untreated) and after stimulation
with CRF (100 nM) for 40 min. Note that both in the absence and presence of overexpressed
GRKSs, parrestin2-GFP remains localized at the plasma membrane in clathrin-coated pits
after translocation to cell surface CRF-activated CRF; receptors, and does not traffic inside
the cell into endocytic vesicles with internalized CRF; receptors.
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Figureb5.
Potential PTSD pathophysiology and pharmacotherapy
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