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Abstract
Elucidating the biological basis for sex differences in diseases can reveal their pathophysiology
and guide the development of individualized treatments. Here we review evidence for the novel
concept that receptor signaling can be sex biased such that the specific pathways engaged by
ligand binding are determined by sex. As an example, this review focuses on the receptor for
corticotropin-releasing factor (CRF), a stress-related peptide implicated in diverse psychiatric and
medical disorders that are more prevalent in females. There is evidence for sex biases in CRF
receptor coupling to G-proteins and β-arrestin that render females more sensitive to acute stress
and less able to adapt to chronic stress. Taken with evidence for sex biased signaling in other
receptor systems, the studies demonstrate the broad potential impact of this characteristic in
determining sex differences in disease and therapeutic efficacy and underscore the importance of
studying females in medical and pharmacological research.

Biased Signaling at seven-transmembrane receptors
Understanding of how seven-transmembrane receptors (7-TMR) function has undergone an
evolution over the last decade and transformed approaches to drug development. Rather than
the simple model in which ligand binding initiates a cascade of reactions that is determined
by receptor coupling to specific guanine nucleotide binding proteins (G proteins), it is now
recognized that 7-TMRs can associate with multiple G proteins. Moreover, evidence for the
association of 7-TMRs with β-arrestin adaptor proteins that scaffold the receptor to other
signaling pathways allows for the engagement of diverse patterns of G-protein-independent
signaling [1]. Complementary to these discoveries was the demonstration of ligand bias,
whereby the binding of specific ligands can direct a selective subset of reactions within the
broad network of possible receptor-mediated reactions [2]. This engenders diversity in the
consequences of ligand–receptor interactions that can be utilized to design more targeted
therapeutics lacking adverse effects.
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The focus of studies upon which this revolution has been based is primarily pharmacologic
in nature, in that most studies of biased agonists involve synthetic compounds. However,
there are a few examples of endogenous ligands that direct receptor activity in a biased
manner including endogenous ligands for chemokine receptors, metabotropic glutamate 1a
receptors, μ-opiate receptors (MOR) and the β2 adrenergic receptors [3–6]. A related idea
that has broad physiological and therapeutic implications is that receptor signaling initiated
by the same endogenous ligand may be biased towards a set of pathways depending on the
physiological state, condition or stage of development. For example, β-adrenergic receptor
(βAR) signaling differs in the fetus and neonate compared to the adult, as a result of
differences in the types of adenylyl cyclase isoforms and ratio of stimulatory to inhibitory G
proteins [7]. Recently, evidence has emerged demonstrating that sex can determine the state
of coupling of G proteins and β–arrestin to the receptor for the stress-related peptide,
corticotropin-releasing factor (CRF) [8]. Notably, these sex differences at the molecular
level translate to functional differences in neuronal responses to CRF that could account for
the increased vulnerability of females to stress-related disorders [8, 9]. Given the diverse
stress-related disorders that are more prevalent in females, sex biased CRF receptor
signaling has broad clinical implications. Here we introduce CRF as a neuropeptide that
orchestrates the stress response and review current knowledge of CRF receptor signaling.
Convergent evidence for sex differences in CRF receptor association with Gs and β-arrestin
is reviewed. How sex differences in CRF receptor signaling could contribute to stress-
related pathology is discussed in light of studies using genetic models of the excessive CRF
that is thought to occur in stress-related diseases. Finally, evidence for sex biased signaling
by other 7-TMRs that underscores the broader influence of this phenomenon is described
with therapeutic implications.

CRF, stress and disease
Sex differences in disease prevalence are reported for many diseases but are particularly
apparent for stress-related psychiatric and medical diseases, including anxiety, depression,
post-traumatic stress disorder (PTSD), irritable bowel syndrome (IBS), inflammatory
disorders and metabolic syndrome, many of which are nearly two times more prevalent in
females (see http://www.hcp.med.harvard.edu/ncs/ftpdir/NCS-
R_Lifetime_Prevalence_Estimates.pdf) [10, 11]. Certain disorders that have been associated
with stress, such as drug abuse are reported to be more prevalent in males (see http://
www.hcp.med.harvard.edu/ncs/ftpdir/NCS-R_Lifetime_Prevalence_Estimates.pdf).
However, this may be confounded by the decreased exposure of women to drugs because
when women are exposed to drugs they develop addiction faster than men [12]. Although
there are caveats of population-based studies of disease prevalence, sex differences in the
expression of diverse stress-related pathology emphasize the importance of studying stress
response circuitry and mediators in females.

The 41-amino acid neuropeptide, CRF, stands out as an orchestrator of the stress response.
Stressors trigger CRF release from neurons in the paraventricular hypothalamic nucleus that
project to the median eminence where CRF enters the portal circulation and can contact the
anterior pituitary corticotrophs and intitiate adrenocorticotropic hormone (ACTH) secretion
[13]. This neurohormone action of CRF begins the endocrine cascade that elicits adrenal
corticosteroid release and is considered to be a hallmark of stress. Although this is a general
response to all stressors, the circuitry underlying activation of CRF neurons of the
paraventricular hypothalamic nucleus is stressor specific [14]. In addition to engaging this
neuroendocrine circuit, stressors activate CRF cell bodies in limbic and autonomic-related
brain regions that project to monoamine nuclei and other brain regions. Within these circuits
CRF serves as a brain neurotransmitter that is poised to regulate autonomic, behavioral and
cognitive limbs of the stress response [15]. The complementary neurohormone and
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neurotransmitter actions of CRF in brain can act in concert to coordinate a multicomponent
response to stressors [16]. This compelling concept of CRF as an orchestrator of many limbs
of the stress response is supported by evidence for stress-mediated CRF release,
electrophysiological and behavioral effects using pharmacological tools as well as genetic
models [16].

By directing processes that are integral to surviving life-threatening challenges, CRF is of
obvious high biological significance. However, because maladaptive stress responses have
been linked to disease, this function also implicates CRF in diseases ranging from metabolic
disorders to depression many of which have overlapping co-morbid features indicative of
common underlying pathophysiology [17]. To this end, inappropriate CRF release or
excessive CRF that is not counterbalanced is thought to be a pathophysiological factor in
many of the stress-related diseases that are more prevalent in females including PTSD,
depression, IBS and metabolic syndrome [17–20]. One potential mechanism linking sex
differences in these diseases to excessive CRF is through direct regulation of the CRF gene
by estradiol. The CRF promotor contains half-palindromic estrogen response elements and
cyclic AMP response elements that are thought to mediate estradiol increases in CRF
expression [21]. The effect of estrogen on the CRF promotor is an example of a sex
difference at a presynaptic level that can result in excessive CRF in females with ensuing
pathological consequences. More recently, sex differences on the postsynaptic side of the
CRF synapse have been described that can account for sex differences in the cellular,
behavioral and pathological consequences of stress [8].

CRF1 signaling
CRF exerts its effects through two receptor subtypes, CRF1 and CRF2. Genes for CRF1 and
CRF2 have been cloned [22, 23] and their distinct distribution, pharmacological specificity,
signaling and trafficking have been described (see for review [16]. This review focuses on
CRF1, the receptor subtype that is the most prominent in brain and that is thought to mediate
most aspects of the stress response including ACTH release, arousal and anxiogenic effects.
Notably, the evidence for sex biases in CRF receptor signaling are based on studies of CRF1
described below. Reviews of CRF2 structure, signaling and function can be found in [24].

CRF1 is a Class B G-protein coupled receptor (GPCR). In the brain, the primary mode of
CRF1 signal transduction is through Gsα, which binds to the third intracellular loop [24]
(Figure 1). This activates adenylyl cyclase with consequent formation of cyclic AMP and
activation of protein kinase A (PKA). Cellular activities associated with CRF-related PKA
activation include regulation of neuronal activity, calcium mobilization [25], gene
transcription, and dendritic growth [26]. For example, CRF activation of PKA
phosphorylates ion channels that determine neuronal excitability and calcium release [27,
28]. Phosphorylation of cyclic AMP response element binding protein (CREB) by PKA
regulates gene transcription [29]. Independent of PKA, cyclic AMP activates Epac, a
guanine nucleotide exchange factor that engages extracellular signal-regulated kinase-
mitogen activated protein kinase (ERK-MAPK) pathways and promotes intracellular
calcium mobilization [30]. CRF1 can also couple to Gq and activate phospholipase C to
promote calcium mobilization via inositol triphosphate and protein kinase C (PKC)
activation through diacylglycerol [24]. Although CRF1-Gq signaling has been mostly
described in peripheral cells or cell lines, recent examples of PKC-dependent CRF1-
mediated neuronal effects have been reported, including activation of ventral tegmental
dopamine neurons [31] and induction of climbing fiber long-term depression [32].

CRF1 internalization has been demonstrated and the underlying molecular mechanisms
characterized in cells [33, 34]. Following agonist binding, CRF1 is sequentially
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phosphorylated on its carboxyl tail and third intracellular loop by G protein receptor kinases
(GRKs). This promotes the recruitment and binding of β–arrestin 2, which uncouples and
sterically hinders Gs binding and promotes internalization by a dynamin-dependent process.
Agonist- and stress-induced CRF1 internalization in vivo has been demonstrated in male rat
locus coeruleus (LC) neurons [35, 36]. CRF1 internalization into early endosomes in LC
dendrites is apparent 5 min after CRF microinfusion into the LC and this becomes more
pronounced by 30 min after injection [35]. Notably, the neuronal response to CRF single
infusion outlasts this time period. However, a subsequent CRF infusion even administered
24 h later is ineffective, providing evidence for downregulation [37]. Acute stress also
initiates CRF1 internalization into male rat LC dendrites that is apparent 1 h and 24 h after
the stress, and this is completely prevented by pretreatment with a selective CRF1 antagonist
[36]. CRF1 is associated with early endosomes at early and later timepoints. However, by 24
h after swim stress substantially more CRF1 is associated with multivesicular bodies,
indicative of receptor degradation and downregulation. CRF1 downregulation at this time is
consistent with a decreased maximum response of the CRF dose-response curve for LC
neuronal activation seen in male rats 24 h following swim stress (see below) [9]. In addition
to promoting receptor internalization β-arrestin 2 acts as a scaffold to promote receptor
association with G-protein-independent signaling pathways including, Src, Akt, ERK and
Rho, thereby allowing CRF to regulate a wider range of cellular processes (see below).

Sex differences in CRF1 neuronal responses
A target of CRF neurotransmission in the brain is the pontine nucleus LC [38], which is the
major source of norepinephrine in brain. CRF containing axon terminals synapse with LC
dendrites, and CRF microinfused directly onto LC neurons in vivo or in vitro increases
discharge activity of the cells by inhibiting potassium currents [39–41]. CRF-induced
activation of the LC-norepinephrine system during stress is thought to be important for
initiating arousal and promoting cognitive flexibility [38, 39, 42]. However, inappropriate or
persistent activation of this system would be expressed as hyperarousal, sleep disturbances
and inability to concentrate, symptoms that characterize many stress-related disorders.
Although LC spontaneous discharge rates and responses to sensory stimuli are comparable
between male and female rats, sensitivity to CRF is markedly different [9]. LC neurons of
female rats are more sensitive to CRF as indicated by a shift to the left of the CRF dose-
response curve for LC activation in female rats compared to males. Notably, these sex
differences are unrelated to adult hormonal status and are observed whether males and
females are gonadaly intact or gonadectomized. The increased sensitivity of female LC
neurons to exogenously administered CRF translates to an enhanced response of LC neurons
to stressors [9].

In addition to the sex difference in neuronal sensitivity of unstressed rats to CRF, sex
determines how stress history regulates the subsequent effect of CRF on LC neuronal
responses [9]. For example, in male rats that have been exposed to shock or swim stress the
CRF dose-response curve for LC activation shifts to the left and the maximal magnitude of
activation decreases with the net effect that the neurons are more sensitive to low doses of
CRF and less sensitive to higher doses [9, 43]. By contrast, in female rats, the CRF dose-
response curve for LC activation is unaffected by stress history. These sex differences in LC
sensitivity to CRF and in the regulation of LC responses to CRF by a history of stress
suggest differences in CRF receptor signaling [9].

Sex differences in CRF1-Gs-dependent signaling
CRF activation of LC neurons is differentially attenuated by the PKA antagonist, Rp-cAMP-
S, which almost completely blocks the effect in females, while producing only a partial
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attenuation in male rats, consistent with differential CRF1 signaling [8]. Confirmatory
evidence for sex differences in CRF1 signaling was derived from immunoprecipitation of
CRF1 from rat cortex, a tissue of high CRF1 expression and lacking CRF2 [44].
Immunoprecipitated CRF1 from female rat cortex co-immunoprecipitated three times more
Gs compared to male rat cortex, and similar to the electrophysiological differences, these
effects were unrelated to adult female hormonal status [8]. In rats with a history of swim
stress, CRF1-Gs association increased in males to a magnitude that matched that of
unstressed females, but the same stress history had no effect in females. Thus, sex
differences in LC sensitivity to CRF were mirrored by sex differences in CRF1-Gs coupling,
implicating this as a molecular mechanism underlying sex differences in physiological
responses.

Sex differences in CRF1 receptor trafficking
The initial descriptions of stress-induced CRF1 internalization in vivo were based on studies
of LC neurons from male rats and are consistent with the observation of a decreased
maximum response in the CRF dose-response curve for LC activation observed at the same
time following stress [36]. In contrast to males, swim stress does not promote CRF1
internalization in LC neurons of female rats or decrease the CRF maximal response [8]. The
cellular localization of CRF1 is remarkably opposite in male and female LC neurons. In
unstressed male rats, CRF1 is roughly evenly distributed between the plasma membrane and
cytoplasm. Swim stress shifts this distribution so that approximately 70% of CRF1 is
cytoplasmic, indicative of internalization. In females, the pattern of CRF1 localization is
opposite, with a predominantly cytoplasmic localization in the unstressed state and a shift
towards a more even distribution between cytoplasmic and plasma membrane
compartments.

Sex differences in stress-induced CRF1 trafficking can be attributed to differences in stress-
induced CRF1-β-arrestin 2 association because this is a critical molecular step in the process
of CRF1 internalization. Following swim stress, CRF1 association with β-arrestin 2 greatly
increased in males, consistent with stress-induced CRF1 internalization [8]. However, in
females stress CRF1-β-arrestin 2 association remained low. As for other measures, the
differences in β-arrestin 2 association were unrelated to adult hormonal status. The deficit in
β-arrestin 2 association with CRF1 in females relative to males can account for the
compromised ability to internalize CRF1 and to decrease the maximal effect of CRF
following stress in females.

Given that the acute response to a stressor is adaptive and critical for survival, the enhanced
response in females may provide an evolutionary advantage. For example, by increasing
activity in LC projections to the medial prefrontal cortex, cognitive flexibility is enhanced
and this would improve chances for survival in a dynamic, life-threatening environment
[42]. It is when the stress response becomes dysfunctional, when it is elicited and/or persists
in the absence of a stressor, that sex differences in CRF1 signaling render females more
vulnerable to stress-related pathology. A dysfunctional stress response has been attributed to
increased expression and/or activity of the CRF system.

Consequences of sex differences in CRF1 signaling in conditions of CRF
overexpression

Increased CRF1-Gs coupling together with decreased CRF1 internalization would render
female neurons more sensitive to CRF and less able to adapt to excessive CRF (Figure 2).
This is clinically relevant because excessive CRF has been implicated in many stress-related
disorders that are more prevalent in females [18–20]. The pathological condition of
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excessive CRF has been modeled using CRF overexpressing mice (CRF-OE) [45, 46]. A
well-characterized CRF-OE model is a transgenic line in which CRF expression is under
control of the metallothionein promoter [45]. Unlike certain conditional CRF-OE models,
these mice have elevated CRF expression in brain neurons in most regions that typically
express CRF [47]. These mice exhibit evidence of hypothalamic-pituitary-adrenal axis
overactivity, including adrenal hypertrophy and elevated plasma adrenocorticotropin and
corticosterone [45]. Additionally, these mice also show anxiogenic effects in many animal
tests of anxiety-related behavior [48].

The LC of both male and female CRF-OE mice shows a comparable increase in CRF
innervation compared to wildtype mice [47]. Supporting the idea that conditions of
excessive CRF like those seen in stress-related diseases would selectively impact neurons of
females, LC neuronal disc6harge rates were three times higher in female CRF-OE mice
compared to male CRF-OE mice or male or female wild-type mice [47]. In contrast, the
CRF-OE condition does not affect LC neuronal activity of male mice. The differential
impact of CRF overexpression could be attributed to differential cellular localization of
CRF1 (Figure 2). For male CRF-OE mice, CRF1 had a predominant cytoplasmic
localization compared to wild-type male mice, which exhibited a roughly equivalent cellular
distribution of CRF1 on the plasma membrane and within the cytoplasm. This
internalization could serve to protect neurons of male CRF-OE mice from excess CRF. By
contrast, CRF1 was predominately localized to the plasma membrane of female CRF-OE
mice where it would be available to be activated by excessive levels of CRF (Figure 2). The
inability of neurons in female CRF-OE mice to internalize CRF1, an effect that may be in
part attributed to a defect in β-arrestin 2 association, results in an overactivated LC-
norepinephrine system. Because overactivation of the LC-NE system translates to the
hyperarousal symptoms that define many stress-related psychiatric disorders including
PTSD, depression, anxiety and IBS [49], this can account for the increased prevalence in
females.

Sex Biased CRF Signaling
In addition to enabling receptor internalization, it is now well recognized that β-arrestin 2
can engage G-protein-independent signaling cascades by scaffolding receptors to signaling
molecules [1]. Given this function, the implications of sex differences in CRF1-β-arrestin
association are much broader than can be attributed to differences in CRF1 internalization
alone. β-arrestin 2 signaling includes mitogen-activated protein kinase (e.g., ERK2, JNK3,
and p38), tyrosine kinases (e.g., c-SRC), AKT, PI3 kinase and RhoA (for review see,[2,
50]). A compromised ability of female CRF1 receptors to associate with β-arrestin 2 would
bias CRF1 signaling towards Gs-related pathways and PKA-dependent processes. In
contrast, in male neurons β-arrestin 2 G-protein independent signaling would be favored. By
engaging sex specific signaling pathways, CRF released during stress would have sex-
specific cellular consequences that could translate to distinct physiological and/or behavioral
responses (Figure 3). This could account for sexually distinct stress-coping styles. However,
differences would be most pronounced when CRF is in excess as has been proposed to occur
in stress-related psychiatric disorders and is modeled by CRF-OE mice. Under these
conditions, sex differences in CRF signaling could be expressed as differences in the
expression of stress-related pathology.

To date it is not known which, if any, β-arrestin 2-related pathways are engaged by CRF1.
Some CRF1-mediated effects require Rho signaling that has been associated with β-arrestin
2 [26]. Notably, in HEK 293 cells, CRF1 activation of ERK/MAPK signaling requires CRF1
internalization, consistent with a β-arrestin 2 mechanism [51]. Because Gs-protein and β-
arrestin 2 signaling regulate phosphorylation dynamics in cells, excessive CRF would be
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predicted to give rise to sexually differentiated phosphoprotein profiles and sex differences
in these profiles may explain differences in the expression of stress-related pathology.
Preliminary results of a deep phosphoproteomic analysis of cortex of male and female CRF
overexpressing (CRF-OE) mice using stable isotope labeling of whole mouse and high
resolution mass spectrometry are currently identifying sex differences between in
phosphoprotein patterns in cortex elicited by conditions of excessive CRF [52]. These
studies are confirming the model of sex biased signaling and providing a discovery platform
for new targets for the treatment of stress-related diseases.

An important consideration in predicting the consequences of sex biased CRF1 signaling is
the ability to generalize to all CRF1 expressing cells. As for other 7-TMRs, cell type
specificity of CRF1 signaling has been described and interpretations must consider that sex
biases may be present in one region and not another, resulting in both distinct and shared
consequences of stress in males and females. Nonetheless, the finding that receptor
immunoprecipitation studies in cortex were consistent with trafficking and physiological
responses in the LC argues for some degree of regional generalization. Evidence that female
rats are more vulnerable to CRF-induced reinstatement of cocaine seeking behavior, an
effect thought to be mediated by CRF1 receptors in the bed nucleus of the stria terminalis
also supports a generalization of sex biased CRF1 signaling to other regions [53].

Sex biased signaling of other receptors
Given the shared characteristics of different GPCRs, sex biased signaling would be
predicted to be a property of other GPCRs. Although this has not yet been systematically
studied for receptors other than CRF1, evidence for differential signaling in males and
females exists for several GPCRs and in some cases there is evidence for differential
coupling of GPCRs to G-proteins, as has been demonstrated for CRF1. For example, sex
differences in βAR-Gs coupling have been demonstrated in rat hepatocytes, with increased
coupling in hepatocytes isolated from females. This sex difference was functionally relevant
because it resulted in a 3-fold greater glycogenolysis response to βAR agonists in females
compared to males. This was attributed to increased βAR-Gs coupling because there was no
difference in βAR affinity or number and responses to forskolin or GTP-γ-S were
comparable between male and female hepatocytes [54]. Sex differences in μ-opioid receptor
(MOR) coupling to G-proteins have been suggested to play a role in differential adaptation
to opiate withdrawal in the spinal cord [55]. Here the release of the potent endogeous opioid,
endomorphin 2, is regulated by MOR, which inhibits release through a Gi-protein coupled
mechanism. Withdrawal of MOR agonists after chronic administration shifts MOR coupling
towards the stimulatory Gs protein in males and this is accompanied by enhanced
endomorphin 2 release that can mitigate withdrawal signs in males. This switch in MOR
coupling from Gi to Gs during withdrawal does not occur in females. The lack of this
adaptive effect in females could result in hyperalgesia during withdrawal as well as an
increased severity of other withdrawal signs depending on the generalization of the
adaptation. Notably, the sex difference in MOR coupling suggests sex specific treatments
for acute opiate withdrawal. For example, pharmacological elevation or administration of
endomorphin like compounds may be effective in females.

Although to date examples of sex differences in receptor coupling are limited, there are
many examples of sex differences in levels or activity of receptor signaling molecules. For
example, sex differences in ERK and AKT regulation by neonatal ventral hippocampal
lesion, a model of schizophrenia, suggest mechanisms whereby differential dopamine
signaling may underlie sex differences in vulnerability to schizophrenia [56]. Sex
differences in behavioral responses to cocaine have been attributed to differences in the
PKA and the DARPP-32 cascade in rat nucleus accumbens [57, 58]. Sex differences in
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phosphorylation of cannabinoid receptors that could lead to differential receptor trafficking
have been demonstrated and implicated in sex differences in stress sensitivity [59]. In
peripheral tissue, aortic contraction mediated by serotonin 2A receptors is greater in males
compared to females as a result of increased RhoA and Rho-kinase activity, in the absence
of increased expression [60]. Given that the concept has been relatively unexplored, these
few examples of evidence of sex differences in signaling of prominent neurotransmitter
receptors underscore the potential impact that this could have in determining resilience/
vulnerability to disease as well as to transform therapeutics.

Clinical and therapeutic implications of sex biased receptor signaling
Sex biased receptor coupling and signaling has important ramifications for understanding
disease and developing therapeutics. Focusing on the CRF system alone, it implies that the
cellular reactions initiated by stressors will differ to some extent in males and females and
this could account for a different expression of stress-related pathology. Given the many and
diverse diseases that have been linked to stress, elucidating how differences in CRF1 signal
transduction translate to different pathological consequences will have a broad clinical
impact. The phenomenon underscores the importance of including both males and females
in research of stress-related diseases. Evidence that sex biased signaling extends to other
receptor systems such as the βAR and MOR emphasizes the importance of studying females
in general biomedical research.

The therapeutic implications of sex biased receptor signaling are perhaps more relevant
because most drugs target GPCRs. The development of biased agonists that differentially
recruit β-arrestin or G-protein signaling is refining therapeutics to provide drugs with
increased selectivity and fewer side effects. If the sex differences in β-arrestin2 recruitment
demonstrated for CRF1 generalize to other GPCRs, this strategy may be sex specific for
certain drugs. Sex differences in receptor coupling imply structural differences, perhaps
through post-translational modifications so that just as endogenous agonists may have
different effects so will drugs designed to manipulate receptor function. This makes it
imperative to design drugs taking the potential for sex differences into consideration,
particularly if the drugs are being designed to treat a disease that is more prevalent in one
sex.

Concluding remarks
This review integrates convergent findings supporting the novel concept of sex differences
in receptor signaling and trafficking, using CRF1 as a model. Sex differences in Gs coupling
would confer differences in agonist sensitivity and in the case of CRF, differences in acute
responses to stressors. Differences in receptor association with β-arrestin influence receptor
trafficking and the ability to adapt to the excessive CRF that is predicted to be present in
diseases related to severe or chronic stress. For females this would translate to an enhanced
sensitivity to acute stress and decreased ability to adapt to chronic or repeated stress. Given
evidence for β-arrestin 2 signaling that is independent of Gs signaling, the broader
implication of this model is that stressors may initiate different cellular reactions in males
and females and this may be a basis of sex differences in coping responses and/or pathology
elicited by stress. Identifying specific consequences of sex biased CRF1 signaling has the
potential to reveal the molecular basis for sex disparities in stress-related disease and this
knowledge can further be used to elucidate pathophysiology.

Evidence suggests that sex biased signaling generalizes to other GPCRs. Future systematic
studies of sex bias in other receptor models could provide the knowledge to transform
approaches to diagnosing and treating the many diseases that exhibit sex differences.
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Highlights

1. Receptor signaling can be sex biased such that different pathways are engaged
in males and females.

2. The CRF receptor is an example of a receptor that exhibits sex biased signaling.

3. Sex biased signaling may underlie sex differences in disease vulnerability and
drug sensitivity.

4. Sex biased signaling underscores the importance of including both sexes in
biomedical research.
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Figure 1.
Schematic depicting signal transduction pathways associated with CRF1. The primary mode
of signaling in brain is through CRF1 coupling to Gsα, activation of adenylyl cyclase and
activation of protein kinase A (PKA). CRF1 coupling to Gq and engagement of pathways
linked to activation of phospholipase C has also been reported. CRF1 is phosphorylated on
the carboxy tail by G-protein receptor kinases (GRK), which promote recruitment of β-
arrestin 2. The association of CRF1 with β-arrestin 2 promotes internalization into
endosomes where it can be recycled back to the plasma membrane or degraded by
lysosomes resulting in receptor downregulation. β-arrestin 2 can also serve to link CRF1 to
G-protein-independent signaling.
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Figure 2.
Sex differences in CRF trafficking. The schematic depicts differential CRF1 trafficking in
conditions of excess CRF. In females because β-arrestin 2 binding to CRF1 is compromised,
more CRF1 is on the plasma membrane and is free to couple to Gs. In males because β-
arrestin 2 associates with CRF1 the receptor internalizes into early endosomes (yellow
structures) and can be recycled back to the plasma membrane or be degraded by lysosomes
(purple structures) so that less receptor is on the plasma membrane (downregulation). β-
arrestin 2 hinders the association of Gs to CRF1.

Valentino et al. Page 14

Trends Pharmacol Sci. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Sex biased CRF1 signaling. In females, the decreased ability of CRF1 to associate with β-
arrestin2 biases signaling through Gs-related pathways. In contrast, in males CRF1 receptor
can associate with β-arrestin2, which results in a relative bias towards β-arrestin 2-related
pathways. Because of the sex difference in association of CRF1 with these molecules, the
interaction of CRF with its receptor can produce sex specific cellular responses that can
translate to different physiological and behavioral coping responses and different pathology.
The specific pathologies shown have not been directly linked to the cellular pathways but
are listed only as stress-related pathologies that have been reported to be more prevalent in
one sex than the other.
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