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Abstract
Elucidating the mechanisms underlying sex biases in the prevalence and severity of diseases can
advance our understanding of their pathophysiological basis and serve as a guide for developing
treatments. A well-established sex difference in psychiatry is the higher incidence of mood and
anxiety disorders in females. These disorders share stress as a potential etiological contributor and
hyperarousal as a core symptom, suggesting that the distinction between sexes lies at the
intersection of stress and arousal systems. This review focuses on the link between the stress axis
and the brain norepinephrine arousal system as a key point at which sex differences occur and are
translated to differences in the expression of mood disorders. Evidence for a circuit designed to
relay emotion-related information via the limbic corticotropin-releasing factor (CRF) system to the
locus coeruleus (LC)–norepinephrine arousal system is reviewed. This is followed by recent novel
findings of sex differences in CRF receptor signaling and trafficking that would result in an
enhanced arousal response and a compromised ability to adapt to chronic stress in females.
Finally, we discuss evidence for sex differences in LC dendritic structure that allow for increased
receipt and processing of limbic information in females compared to males. Together these
complementary sets of data suggest that in females, the LC arousal system is poised to process
more limbic information and to respond to some of this information in an enhanced manner
compared to males. The clinical and therapeutic considerations arising from this perspective are
discussed.
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Many psychiatric diseases exhibit a bias whereby their prevalence and/or severity are greater
in one sex. For example, autism and attention deficit disorder are more prevalent in males
(Gaub and Carlson, 1997; Ramtekkar et al., 2010). In contrast, affective disorders and many
anxiety disorders are nearly twice as prevalent in females compared to males (Kessler, 2003;
Kessler et al., 1994). Similarly, the incidence of posttraumatic stress disorder is greater in
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females despite males being exposed to more traumatic events (Breslau, 2001, 2002).
Identifying the neurobiological bases for sex differences in psychiatric diseases can advance
our understanding of their etiology and guide individualized therapies. This review focuses
on understanding the prevalence of certain stress-related disorders (depression, post-
traumatic stress disorder) in females. Using the framework that these disorders share stress
as a mitigating factor and hyperarousal as a symptom, we review recent evidence in the rat
for sex differences in a specific link between stress and arousal, that between corticotropin-
releasing factor (CRF) and the brain norepinephrine system. It should be recognized that sex
differences in behavior and animal models of stress-related psychiatric disorders depend on
species and the endpoint being examined. For example, motor activity in many situations is
higher for females compared to males in rats, but not mice (Johnston and File, 1991;
Palanza, 2001) and the opposite pattern is seen in meadow voles (Perrot-Sinal et al., 2000).
Because motor activity is often a component of endpoints in animal models of psychiatric
disorders, an examination of sex differences across different animal models may yield
different interpretations (Dalla et al., 2009; Johnston and File,1991). There are several
reviews of sex differences in animal models of psychiatric disorders and that is not the intent
of the present review (Dalla et al., 2009; Palanza, 2001). Here we center on the concept that
there are sex differences in the interaction of stress with the locus coeruleus (LC)-
norepinephrine arousal system and as a result, this component of the stress response and
core symptom of stress-related psychiatric disorders is comparatively exaggerated in
females.

1. Stress and Arousal as common features of female biased psychiatric
disorders

Two common interrelated features of stress-related psychiatric disorders that exhibit a
female bias, including depression and post-traumatic stress disorder, are an association with
stress and the core symptom of hyperarousal. Stress is thought to be a precipitating or
contributing factor to all of these disorders (Kendler et al., 1993; Kendler et al., 1995; Stein
and Steckler, 2010). As a result, many investigations into the sex bias of affective disorders,
anxiety and posttraumatic stress disorder have focused on differences in hypothalamic-
pituitary-adrenal (HPA) axis responses to stressors and the role of sex hormones in
regulating this axis (e.g., Binder et al., 2009; Kudielka and Kirschbaum, 2005; Young and
Korszun, 2010). In contrast, there are few investigations of sex differences in arousal
systems. The system that is generally attributed to the arousal features of mood disorders is
the major brain norepinephrine system that arises from the nucleus locus coeruleus (LC)
(Gold and Chrousos, 2002; Koob, 1999; Southwick et al., 1999). Convergent evidence links
stress to the LC-norepinephrine system through the neuropeptide that orchestrates the stress
response, corticotropin-releasing factor (CRF). This has led to the hypothesis that sex
differences in some aspect of this link could account for the female bias in psychiatric
disorders that are both etiologically associated with stress and that share hyperarousal as a
core symptom.

2.1. CRF pathways linking stress to the LC-norepinephrine arousal system
CRF was initially characterized as the hypothalamic neurohormone that initiates
adrenocorticotropin release from the anterior pituitary and thus, the cascade that leads to
secretion of adrenal corticosteroids (Vale et al., 1981). The widespread distribution of CRF
and its receptors throughout the brain, taken with the ability of centrally administered CRF
to mimic many of the autonomic and behavioral aspects of the stress response, suggested
that CRF acts as a neuromodulator on neurons outside of the HPA axis to initiate these other
components of the stress response (Chalmers et al., 1996; Sakanaka et al., 1987; Swanson et
al., 1983; Valentino and Van Bockstaele, 2002). The ability of centrally administered CRF
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antagonists to block behavioral and autonomic responses to stress gave further credence to
the concept of CRF as an endogenous neurotransmitter/neuromodulator that is released in a
coordinated manner in different brain regions to orchestrate the different limbs of the stress
response (Bale and Vale, 2004; Owens and Nemeroff, 1991).

Through its ability to regulate the locus coeruleus (LC)-norepinephrine (NE) system, CRF
released during stress can initiate an arousal response to a stressor. CRF axon terminals
arising from Barrington’s nucleus, the paraventricular hypothalamic nucleus and possibly
the nucleus paragigantocellularis innervate the LC nuclear core (Reyes et al., 2005;
Valentino et al., 1996; Valentino et al., 1992). A denser CRF terminal field arising from the
central nucleus of the amygdala and bed nucleus of the stria terminalis is situated in the
dorsolateral peri-LC into which LC dendrites extend (Van Bockstaele et al., 1996a; Van
Bockstaele et al., 1998; Van Bockstaele et al., 1999). As this peri-LC CRF innervation
derives from limbic regions that convey emotion-related information, this circuit may serve
as an arousal limb of this emotional response. The relevance of this topographically
organized CRF innervation for sex differences in affective arousal is discussed below.

CRF-immunoreactive axon terminals form synaptic specializations with LC dendrites in the
core and peri-LC, the majority of which are asymmetric (excitatory type) (Van Bockstaele et
al., 1996b). Many CRF axon terminals here co-localize glutamate and fewer co-localize
enkephalin and GABA (Tjoumakaris et al., 2003; Valentino et al., 2001). CRF axon
terminals are also found apposed to unlabeled terminals that form synaptic specializations
with LC dendrites, providing a mechanism for indirect presynaptic modulation of LC
activity (Van Bockstaele et al., 1996b).

2.2. CRF effects on the LC-norepinephrine arousal system
CRF, acting on CRF1 receptors, increases spontaneous LC discharge rate when locally
administered into the LC either in vivo or in vitro (Curtis et al., 1997; Jedema and Grace,
2004). LC activation by CRF is associated with c-fos expression by LC neurons and
norepinephrine release in terminal fields (although this has just been examined in male rats)
(Page and Abercrombie, 1999; Rassnick et al., 1998). Importantly, LC activation by CRF is
translated to activation of cortical electroencephalographic (EEG) activity, indicative of
increased arousal (Curtis et al., 1997).

In addition to increasing spontaneous or tonic LC discharge rate, CRF attenuates phasic
sensory-evoked LC activity (Valentino and Foote, 1987; Valentino and Foote, 1988). This
may occur through presynaptic inhibition as suggested by the electron microscopy studies
discussed above. Given the evidence for co-localization of CRF and glutamate in axon
terminals in the LC and convergence onto common LC dendrites, there are multiple
potential mechanisms for this interaction. The net effect of CRF on LC neurons is to shift
the mode of LC discharge to a high tonic-low phasic state (Valentino and Foote, 1987;
Valentino and Foote, 1988; Valentino and Van Bockstaele, 2008). This mode of firing has
been associated with high arousal, decreased focused attention and increased behavioral
flexibility or going off-task in a search for optimal outcomes (Aston-Jones and Cohen, 2005)
(see below).

Generally, the LC-norepinephrine system is not under tonic regulation by endogenous CRF
because CRF antagonists have no effect on either LC discharge rate or norepinephrine
release in targets in unstressed rats (Curtis et al., 1994; Page and Abercrombie, 1999).
However, there is substantial evidence that acute stressors release endogenous CRF within
the LC to activate LC neurons during acute stress. For example, hypotensive challenge,
which activates the hypothalamic-pituitary-adrenal axis, mimics the effects of CRF on tonic
and phasic LC discharge (Valentino and Wehby, 1988). Increases in LC discharge rate

Valentino et al. Page 3

Neuropharmacology. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



during the stress are temporally correlated to, and necessary for, forebrain EEG activation,
underscoring the arousal component of this response (Page et al., 1993). Sensory-evoked
phasic discharge is inhibited during the stress, presumably keeping the LC in an elevated
tonic mode that would promote heightened arousal and scanning attention (Valentino and
Wehby, 1988). These effects are completely prevented by prior administration of a CRF
antagonist into the LC (Curtis et al., 2001; Valentino et al., 1991). In addition to hypotensive
stress, non-noxious visceral stimuli, such as colon distention, increase LC discharge rates
and cortical EEG activity by a CRF-dependent mechanism (Lechner et al., 1997). Studies
using other endpoints of LC activation, including tyrosine hydroxylase expression in LC
neurons (Melia and Duman, 1991) and cortical norepinephrine extracellular levels
(Kawahara et al., 2000; Smagin et al., 1996) also provide evidence for CRF
neurotransmission in the LC during stress.

2.3. The LC-NE arousal system
The anatomical and physiological characteristics of LC neurons have been the topic of
numerous reviews (Aston-Jones et al., 1995; Berridge and Waterhouse, 2003; Bouret and
Sara, 2005; Foote et al., 1983; Waterhouse et al., 1998). A salient anatomical feature of LC
neurons is the divergent efferent system that allows for a global influence on neuronal
activity at multiple levels of the neuraxis (Swanson and Hartman, 1976). The LC-
norepinephrine system was initially implicated in arousal and vigilance based on certain
physiological attributes of LC neurons. For example, LC neurons discharge spontaneously
and their frequency is positively correlated to behavioral and electroencephalographic
(EEG) indices of arousal (Aston-Jones and Bloom, 1981a). Moreover, regionally selective
pharmacological activation of LC neurons is temporally correlated to cortical and
hippocampal EEG activation indicating that increases in LC discharge are sufficient to
produce arousal (Berridge and Foote, 1991; Berridge et al., 1993). LC neurons are also
phasically activated by salient sensory stimuli and this activation precedes behavioral
responses to the stimuli, implying a role for the LC in shifting attention (Aston-Jones and
Bloom, 1981b; Foote et al., 1980). It has recently been proposed that by shifting between
tonic and phasic modes of discharge, the LC facilitates different behavioral outcomes
(Aston-Jones and Cohen, 2005). The phasically-activated LC, characterized by synchronous
driven discharge, has been associated with focusing attention and maintaining on-going
behavioral tasks. In contrast, high tonic discharge, which is spontaneous and asynchronous,
is associated with scanning the environment and going off-task. The ability of LC neurons to
switch between tonic and phasic modes of discharge would facilitate rapid behavioral
adjustments in response to environmental challenges. As discussed above, exposure to CRF
or stressors biases LC discharge toward the high tonic mode, favoring increased arousal and
behavioral flexibility.

Together the anatomical and electrophysiological findings summarized above support a
scheme whereby stressors elicit CRF release in the LC region, which acts as a
neurotransmitter to shift the mode of discharge towards a high tonic state that would favor
heightened arousal and behavioral flexibility. Other data not reviewed here provide evidence
that endogenous opioids serve as a counterregulatory mechanism to curb CRF effects during
stress and to help return the system to baseline activity when the stressor is terminated
(Curtis et al., 2001).

3.1. Sex differences in CRF1 signaling
Heightened arousal and a shift from focused to scanning attention would be adaptive for
dealing with an acute stressor. However, if this mode of activity persisted beyond the
duration of the stressor or if it were initiated in the absence of stress, the same effects would

Valentino et al. Page 4

Neuropharmacology. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be expressed as hyperarousal, sleep disturbances and inability to concentrate, symptoms of
depression, anxiety and PTSD. Consistent with this, excessive activity of the LC-NE system
has been implicated in each of these disorders (Gold and Chrousos, 2002; Koob, 1999;
Southwick et al., 1999). Therefore, sex differences in the activity or response of the LC-NE
system could contribute to the sex bias of these disorders. Initial studies showed no sex
difference in LC discharge rates regardless of levels of circulating hormones (Curtis et al.,
2006). In contrast, exposure to acute hypotensive stress, which increases LC discharge
through CRF release in the LC, produced a greater activation of LC neurons of female
compared to male rats, regardless of circulating sex hormone levels (Curtis et al., 2006).
Moreover, enhanced LC activation by stress was found to be the result of an increased
postsynaptic sensitivity to CRF in females. Thus, the CRF dose-response curve for LC
activation was shifted to the left in female compared to male rats, and certain doses of CRF
that were completely ineffective in males produce a substantial increase of LC discharge rate
in females (Fig. 1).

A second observed sex distinction in the CRF-LC interaction was a differential regulation by
a history of prior stress. In male rats, prior stress (shock or swim history) changes the CRF
dose-response curve such that it shifts to the left in the low dose range and the maximum
response decreases (Curtis et al., 2006; Curtis et al., 1995, 1999). In female rats, prior stress
has little effect on the CRF dose-response curve for LC activation (Fig. 1).

Differences in the postsynaptic response to CRF and its regulation by stress could be
attributed to differences in CRF receptor (CRF1) signaling. LC activation by CRF is
mediated by the CRF1 receptor subtype, a G-protein coupled receptor that preferentially
binds the Gs protein, leading to activation of adenylyl cyclase, formation of cyclic adenosine
monophosphate (cAMP), and protein kinase A (PKA) activation (Chalmers et al., 1996;
Grammatopoulos and Chrousos, 2002). Phosphorylation of a potassium channel through
cAMP is thought to mediate the CRF-induced increase in LC firing (Jedema and Grace,
2004). Notably, electrophysiological studies using a cAMP antagonist revealed that in
unstressed female rats, the LC response to CRF is predominantly cAMP-mediated, whereas
in unstressed males only about 50% of the response is cAMP-dependent (Bangasser et al.,
2010). The stress-induced sensitized response of LC neurons to CRF that occurs only in
males was completely cAMP-mediated. These data suggested a cAMP signaling bias of the
CRF1 in unstressed females compared to males and a change in males following stress.

Consistent with a greater cAMP component of the LC response to CRF in females, receptor
immunoprecipitation studies revealed enhanced CRF1- Gs coupling in unstressed females
compared to males (Bangasser et al., 2010). Furthermore, swim stress increased CRF1-Gs
coupling in males only, to a level comparable to that observed in females, reflecting the
sensitized electrophysiological response. As was observed for the electrophysiological
responses, the higher levels of CRF1-Gs coupling were similar in intact and ovariectomized
females, suggesting no contribution of circulating ovarian hormones to the sex difference.
Taken together, these results suggest that the increased neuronal sensitivity to CRF observed
in females in the unstressed state is attributable to greater Gs-CRF1 coupling and subsequent
activation of the cAMP-PKA signaling cascade. Additionally, the stress-induced
sensitization of LC neurons of male rats to low doses of CRF is due to increased CRF1-Gs
coupling. To our knowledge this is the first report of sex differences in receptor G-protein
coupling that has functional consequences.

It should be noted that there were no sex differences in coupling of the CRF1 to Go or Gq/11,
G-proteins that do not increase cAMP-PKA signaling (Bangasser et al., 2010). These
findings underscore the important contribution of Gs-CRF1 coupling to sex differences in
CRF1 function.
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3.2. Sex differences in CRF1 trafficking
Agonist activation of many G-protein coupled receptors often results in internalization or
trafficking of receptors from the plasma membrane to the cytoplasm (Krupnick and Benovic,
1998; Lefkowitz, 1998; Premont, 2005). Internalized receptors can be recycled to the plasma
membrane or targeted for degradation. The latter pathway is adaptive in conditions of excess
receptor ligand. CRF1 internalization is initiated by the phosphorylation of a serine or
threonine residue on the carboxy terminus of the receptor (Oakley et al., 2007; Teli et al.,
2005). This leads to the recruitment of β-arrestin2, which targets the receptor for
internalization (Hauger et al., 2009; Holmes et al., 2006; Oakley et al., 2007). There is in
vivo evidence for agonist- and swim stress-induced CRF1 internalization in LC dendrites of
male rats (Reyes et al., 2006; Reyes et al., 2008). A significant proportion of the internalized
receptors are incorporated into multivesicular bodies, suggesting that they are targeted for
degradation (Reyes et al., 2008).

Functionally, CRF1 downregulation is seen as an earlier plateau of the CRF dose-response
curve for LC activation observed in stressed males (Curtis et al., 2006; Curtis et al., 1995,
1999). The lack of this plateau in females suggests that the adaptive process of receptor
internalization may be compromised. Consistent with this, CRF1 was associated with β-
arrestin2 after stress in male, but not female rats (Bangasser etal., 2010). Like the sex
difference in CRF1-Gs coupling, sex differences in CRF1 association with β-arrestin2 were
not dependent on circulating ovarian hormones. Immunoelectron microscopy revealed a
differential cellular localization and trafficking of CRF1 in LC dendrites of male and female
rats (Bangasser et al., 2010). For males, in the unstressed state a greater portion of CRF1 is
on the plasma membrane and this internalizes following stress, whereas for females a large
proportion of CRF1 are cytoplasmic before stress and become more prominent on the plasma
membrane following stress. The greater number of plasma membrane bound CRF1 in
stressed females could be due to either recruitment of CRF1 to the plasma membrane, or
decreased production of cytoplasmic receptors. Importantly, these data suggest that the
cellular adaptation of internalization is compromised in females. This difference would
translate to an inability of LC neurons of females to adapt to conditions of CRF
hypersecretion, as has been hypothesized to occur with chronic stress or depression
(Nemeroff, 1996), with the consequence of persistent activation of this arousal system.

3.3. Cellular implications of sex differences in signaling and trafficking
The relative inability of CRF1 in females to associate with β-arrestin2 is consistent with its
greater association with Gs, as β-arrestin2 inhibits Gs-receptor association (Violin and
Lefkowitz, 2007). In addition to their role in receptor internalization, β-arrestins can also
engage cellular signaling cascades that may be unique and potentially opposed to those
engaged by G-proteins, (Ahn et al., 2004; DeWire et al., 2007; Lefkowitz and Shenoy, 2005;
Violin and Lefkowitz, 2007; Wei et al., 2003). The findings reviewed above predict that
CRF1 signaling in female LC neurons will be biased towards the engagement of the Gs-
cAMP-PKA pathway (Fig. 2). In contrast, in males CRF is able to initiate β-arrestin2
signaling resulting in unique cellular functions. Although β-arrestin2 signaling is not well
characterized in rat LC neurons, in other cells this has been associated with the activation
specific kinases such as JNK3 and AKT (Violin and Lefkowitz, 2007). Importantly, the
differential activation of Gs- and β-arrestin2-linked signaling cascades may contribute to sex
specific cellular responses in LC neurons that lead to an increased arousal response in
females. This concept has important therapeutic implications for novel compounds that can
shift the bias of CRF1 signaling from Gs- to β-arrestin2-related pathways.
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Presently, the basis for sex differences in CRF1 association with Gs and β-arrestin2 is
unknown. The most likely explanation is a difference in post-translational modification such
as phosphorylation or sulfation of an amino acid. Differences in CRF1 glycosylation are not
likely because this would substantially affect molecular weight and this was not apparent in
Western blots. Proteomic studies designed to compare structural features and post-
translational modifications of CRF1 in males and females are necessary to address this
question.

The finding that sex differences in LC sensitivity to the electrophysiological effects of CRF,
coupling of CRF1 to Gs and coupling of CRF1 to β-arrestin2 were all independent of adult
circulating ovarian hormones was of interest. We speculate that these differences may be
organized by sex hormones at earlier developmental periods. Alternatively, this may reflect
differential representation of genes on the X and Y chromosomes.

4.1. Sex differences in LC structure
In addition to its acute effects on LC neuronal activity, CRF alters LC dendritic structure,
increasing the length of LC dendrites in slice cultures and neurite outgrowth in LC-like
CATHa cells (Cibelli et al., 2001; Swinny and Valentino, 2006). Similarly, early rearing
conditions alter LC dendritic length, with mild handling during the neonatal period resulting
in decreased total dendritic length and branching (Swinny et al., 2010). Because much
communication with the LC, particularly between the LC and limbic system occurs some
distance from the nucleus, in the peri-LC, these effects on dendritic structure and length can
determine the extent to which the LC is regulated by limbic afferents relaying emotion-
related information.

A comparison of the LC dendritic tree between males and females based on analysis of
immunoreactivity for tyrosine hydroxylase (TH), the norepinephrine synthetic enzyme,
revealed that LC dendrites of female rats were denser and extended further into the peri-LC
region than those of males (Bangasser et al., 2011). Juxtacellular labeling of LC neurons in
vivo demonstrated that LC dendrites of females were longer with more branch points and
ends compared to those of male rats, indicative of increased complexity. This was
corroborated with Sholl analysis. Finally, immunoreactive-labeling for synaptophysin, a
synaptic vesicle protein, was significantly greater in the LC core and peri-LC region of
female rats, providing evidence that the longer and more complex dendritic tree actually
makes more synaptic contacts and suggesting that the female LC is processing more
information.

It is possible that the sex differences in LC dendritic structure are due to sex differences in
CRF1 signaling. CRF effects on neurite outgrowth of CATHa cells and dendritic structure of
LC neurons in slice cultures are mediated by the PKA signaling cascade (Cibelli et al., 2001;
Swinny and Valentino, 2006). Therefore, one downstream consequence of the greater CRF1-
Gs signaling in females may be a more extensive LC dendritic tree. Nonetheless, the role of
CRF in this sex difference has yet to be determined and alternative mechanisms have not
been ruled out.

4.2. Network implications of sex differences in LC dendritic structure
The relevance of sex differences in the length and extent of the LC dendritic tree relates to
the topographical organization of LC afferents. Given the extensive efferent system arising
from LC neurons, it was initially surprising when retrograde tracing studies revealed a
limited set of afferents to the LC nucleus (Aston-Jones et al., 1986). These derived from
nucleus paragigantocellularis, nucleus prepositus, dorsal cap of the paraventricular
hypothalamic nucleus, and Barrington’s nucleus (Aston-Jones et al., 1986; Valentino et al.,
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1996). Many of these nuclei are involved in central control of autonomic function and their
projections to the LC provide a mechanism for coordinating autonomic activity with
behavior and cognitive functions. In contrast to the nuclear LC, which receives a relatively
limited number of afferents, the peri-LC is a site for the termination of axons from numerous
and diverse regions, many of which are synaptically linked with LC neurons whose
dendrites extend into this outlying area (Luppi et al., 1995; Reyes et al., 2005; Van
Bockstaele et al., 2001; Van Bockstaele et al., 1996a; Van Bockstaele et al., 1998; Van
Bockstaele et al., 1999). For example, axon terminals from the nucleus of the solitary tract
and periaqueductal gray can convey autonomic and nociceptive information through
synapses with LC dendrites in the ventromedial peri-LC, respectively (Van Bockstaele et al.,
2001). Importantly, the peri-LC is a major site of termination of limbic projections including
the central nucleus of the amygdala, bed nucleus of the stria terminalis and paraventricular
hypothalamic nucleus (Reyes et al., 2005; Van Bockstaele et al., 2001; Van Bockstaele et
al., 1998; Van Bockstaele et al., 1999). Axon terminals from these regions synapse with LC
dendrites here (Van Bockstaele et al., 1996a; Van Bockstaele et al., 1998). Given the role of
the limbic system in the expression of emotion and the role of the LC in initiating forebrain
arousal in response to salient stimuli, the limbic-LC link in the peri-LC may form the
structure of an arousal limb of the emotional response. Notably, most of the CRF
innervating this region that synapses with LC dendrites derives from the central nucleus of
the amygdala, which coordinates behavioral and autonomic aspects of emotional responses
through connections to the central gray and lateral hypothalamus, respectively (LeDoux et
al., 1988). CRF inputs from the central nucleus of the amygdala to LC dendrites in the peri-
LC would integrate forebrain arousal and cognitive responses with these other aspects of the
emotional response. Because of the functional distinctions between afferents to the nuclear
LC and afferents to the peri-LC, the length and complexity of branching of LC dendrites
will be an important determinant of how the nucleus is regulated. The further LC dendrites
extend into the peri-LC, particularly the dorsolateral peri-LC, and the more highly branched
LC dendrites are, the greater the probability that they will contact limbic afferents conveying
emotion-related information. Extensions of LC dendrites, particularly into the dorsolateral
peri-LC where axons from the central nucleus of the amygdala terminate, form a structural
basis for affective arousal. The greater complexity of LC dendrites and further extension
into this region in females would support a greater arousal response to emotion-related
information conveyed by these limbic afferents. Evidence for more synaptic contacts in this
region is also consistent with more processing of emotion-related information. Together, the
anatomical findings suggest that the LC of female rats is structurally designed to be under
greater limbic regulation and to receive and process more emotion-related information
conveyed by limbic afferents. Interestingly, a recent imaging study in females suggests that
stress exposure enhances amygdala-LC connectivity although it is not known whether this
effect is exclusive to females (van Marle et al., 2010).

5. Overview and Considerations
Many of the psychiatric disorders that are more prevalent in females have in common an
etiological association with stress and hyperarousal as part of the symptom complex. Here
we reviewed evidence for sex differences in these disorders that lie at the intersection of
stress and arousal systems, specifically at the level of CRF regulation of the LC-
norepinephrine arousal system. CRF released during stress shifts LC neuronal activity to a
high tonic mode that favors increased arousal, scanning attention and behavioral flexibility.
These responses would be adaptive in a dynamic life-threatening environment, but would be
considered pathological in a more stable or less challenging environment. At a molecular
level, CRF1 preferentially couples Gs in females compared to males resulting in a greater
magnitude of LC activation for the same level of CRF (or stress). Moreover, a relatively low
association of CRF1 with β-arrestin2 in females compromises CRF1 internalization and
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therefore the ability to adapt to high or persistent levels of CRF, as have been hypothesized
to occur in stress-related psychiatric disorders. Increased CRF1-Gs association and
decreased CRF1-β-arrestin2 association (probably interrelated effects) would render this
arousal system more responsive to CRF (and stressors) in females. Although prior work has
focused on the LC system and cortical CRF1, similar differences in CRF1 may be expressed
in other brain regions and contribute to sex differences in the expression of other aspects of
the stress response. In addition to an increased and prolonged response to CRF, the response
may be qualitatively distinct in males and females as a result of engaging different cell
signaling pathways.

Complementing the molecular sex differences, are sex differences in LC neuronal structure.
Because of their more complex and longer dendrites, LC neurons of females are structurally
designed to receive and process more information, particularly emotion-related information
relayed by the limbic system. Notably, CRF is a major neurotransmitter in these afferents.
Together, these molecular and cellular distinctions would create an LC system that receives
and processes more emotion-related information and that is more responsive to that input.
Consistent with this, human studies measuring event-related potentials in response to
positive or negative valence stimuli indicate that negative stimuli elicit a larger response in
females and that females are more sensitive to stimuli of lesser salience (Lithari et al., 2010;
Yuan et al., 2009). These sex differences would bias females towards an enhanced level of
affective arousal and behavioral flexibility. These may be adaptive features that evolved as
part of the maternal role of females. However, these same features outside of the appropriate
context, are expressed as pathology that characterizes stress-related psychiatric disorders.

Research Highlights

• Sex differences in CRF receptor-Gs coupling make female cells more sensitive
to CRF

• Sex differences in β-arrestin2 binding result in distinct CRF receptor trafficking

• Female locus coeruleus dendrites are designed to receive more limbic
information
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Figure 1.
Sex differences in LC responses to CRF and regulation by prior swim stress. Shown are
CRF dose-response curves generated for female (circles) and male (squares) rats with no
prior history of stress (no stress, solid symbols) and 24 h after swim stress (stress, open
symbols). The abscissa indicates the CRF dose (ng) injected into the LC and the ordinate
indicates the magnitude of increase in LC discharge rate expressed as a percentage increase
above the pre-injection rate. In the unstressed condition, LC neurons of females are more
sensitive to CRF as indicated by a leftward shift in their dose-response curve. When CRF
dose-response curves were generated 24 h after exposure to swim stress, the CRF dose-
response curve generated in males was shifted to the left and had a lower maximum
response. Swim stress did not significantly alter the dose-response curve of females.
Reproduced from Curtis et al., 2006.
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Figure 2.
The schematic depicts CRF1 coupling and signaling in male and female LC neurons. In
males, CRF1 binds β-arrestin2, which can activate unique signaling cascades and cellular
events. In females, the CRF1 is highly coupled to Gs and association with β-arrestin2
following stress is relatively poor, resulting in a bias towards Gs-related cAMP signaling
and cellular effects.
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Figure 3.
Schematics depict how sex differences in LC dendritic morphology could affect emotional
arousal. LC neurons of female rats have longer and more complex dendrites than neurons of
males. Thus, the probability that LC dendrites will contact limbic afferents that terminate in
the peri-LC is greater in females compared to males. This would be predicted to result in a
greater magnitude of arousal in response to emotion-related stimuli. Abbreviations: BNST,
bed nucleus of the stria terminalis; CNA, central nucleus of the amygdala; PGi,
paragigantocellularis; PVN, paraventricular nucleus of the hypothalamus
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