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Abstract

The neuropeptides orexins are important in regulating the neurobiological systems that respond to
stressful stimuli. Furthermore, orexins are known to play a role many of the phenotypes associated
with stress-related mental illness such as changes in cognition, sleep-wake states, and appetite.
Interestingly, orexins are altered in stress-related psychiatric disorders such as Major Depressive
Disorder and Anxiety Disorders. Thus, orexins may be a potential target for treatment of these
disorders. In this review, we will focus on what is known about the role of orexins in acute and
repeated stress, in stress-induced phenotypes relevant to psychiatric illness in preclinical models,
and in stress-related psychiatric illness in humans. We will also briefly discuss how orexins may
contribute to sex differences in the stress response and subsequent phenotypes relevant to mental
health, as many stress-related psychiatric disorders are twice as prevalent in women.
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1. Introduction

The neuropeptides orexins have well-described roles in arousal, appetite, and cognition, all

of which are affected in stress-related mental illness (Chemelli et al., 1999; Dube et al.,
1999; Lambe et al., 2005; Mahler et al., 2014; Sakurai et al., 1998; Sweet et al., 1999;

Vanitallie, 2002). Moreover, orexins are altered in anxious and depressed patients (Brundin
et al., 2007; Johnson et al., 2010; Strawn et al., 2010). Thus, orexins may contribute to the
stress response and subsequent phenotypes relevant to mental health. In this review, we will
focus on what is known about the role of orexins in acute and repeated stress, in stress-
induced phenotypes relevant to psychiatric illness in preclinical models, and in stress-related
psychiatric illness in humans.
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2. Background on orexins

2.1. Orexins

Orexins (also called hypocretins) are excitatory neuropeptides generated from the prepro-
orexin precursor that is exclusively localized in cells of the lateral and posterior
hypothalamic region (de Lecea et al., 1998; Sakurai et al., 1998). Prepro-orexin is cleaved
into two highly structurally related and highly conserved peptides, orexin A (composed of
33 amino acids) and orexin B (composed of 28 amino acids) (Sakurai et al., 1998). There are
approximately 10,000-20,000 orexinergic neurons in the human brain (Nishino et al., 2000)
and roughly 1100 orexinergic neurons in the rat brain (de Lecea et al., 1998). Orexin
neurons can be round, elliptical, or fusiform, and either bipolar or unipolar (Cheng et al.,
2003). In addition, orexin neurons are large, with a diameter of 21 pm on average (Cheng et
al., 2003). Orexin neurons are intrinsically in a depolarized state due to constitutively active
non-selective cation currents (Horvath and Gao, 2005). Orexin activity, including peptide
levels and neural function, varies across the circadian cycle, supporting the involvement of
orexins in regulating arousal (Taheri et al., 2000). Almost all orexin neurons (94%) also
synthesize the peptide dynorphin, an opioid receptor agonist (Chou et al., 2001), while about
50% of orexin neurons are thought to also contain the excitatory neurotransmitter glutamate
(Henny et al., 2010; Rosin et al., 2003; Torrealba et al., 2003). Some studies have suggested
that there is functional dichotomy for orexin neurons; specifically, that orexin neurons in the
perifornical and dorsomedial hypothalamic areas are involved in stress and arousal, while
those in the lateral hypothalamus are more involved in addiction (Harris et al., 2005; Harris
and Aston-Jones, 2006). However, this anatomical specificity has not been investigated in
the majority of the current literature.

2.2. Orexin receptors

Orexins bind to two G-protein coupled orexin receptors (GPCRs), the orexin 1 and orexin 2
receptors (OX41R and OXsR, respectively) (de Lecea et al., 1998; Sakurai et al., 1998). OX R
binds Orexin A with a much higher affinity than Orexin B (roughly 10-1000 times higher),
whereas OX3R binds both peptides with similar affinity (Gotter et al., 2012b). Both
receptors can couple to Gq, Gs, and Gi, (Holmqvist et al., 2005; Magga et al., 2006; Tang et
al., 2008), and the specific G protein associated with each receptor varies among different
neuronal populations (Bernard et al., 2002; van den Pol et al., 1998; Yang et al., 2003).
Activation of these G proteins leads to a variety of downstream signaling cascades including
phospholipase C (PLC), adenylate cyclase (AC), and extracellular signal-regulated kinase
(ERK) (Selbach et al., 2010; Uramura et al., 2001). While many brain regions express both
orexin receptors, some regions exhibit differential expression (Marcus et al., 2001). For
example, the cingulate cortex and locus coeruleus selectively express OX1R, while the
paraventricular nuclei of the hypothalamus (PVN) and shell neurons of nucleus accumbens
preferentially express OX,R (Marcus et al., 2001; Trivedi et al., 1998).

2.3. Projection sites

Orexin neurons widely project to all regions of the brain including the hypothalamus (de
Lecea et al., 1998; Peyron et al., 1998), thalamus, cortex, brain stem, and spinal cord (van
den Pol, 1999). Orexin input to brain regions important for arousal, such as the locus
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coeruleus, help to regulate the response to a stressor (Hagan et al., 1999). Moreover, orexin
containing nerve terminals project to stress-sensitive centers such as the amygdala and bed
nucleus of the stria terminalis (Date et al.,1999). Orexin neurons also project to the
paraventricular nucleus of the hypothalamus (PVN) (Winsky-Sommerer et al., 2004), where
neurons expressing Corticotropin Releasing Hormone (CRH) initiate the Hypothalamic
Pituitary Adrenal (HPA) Axis. Further, orexin neurons densely project to the paraventricular
nucleus of the thalamus (PVT) (Kirouac et al., 2005), which plays a role in regulating
neuroendocrine and behavioral adaptations to severe or chronic stress (Hsu et al.,2014).
Specifically, orexins may influence gene expression of the CRH type 1 receptor (CRH¢R) in
the paraventricular nucleus of the thalamus (Heydendael et al., 2012, 2011), and this brain
region may then regulate the HPA axis via multisynaptic pathways through the BNST to the
PVN. The orexin neuropeptides orexin A and orexin B interact with noradrenergic,
cholinergic, serotonergic, histaminergic, and dopaminergic systems, in addition to the HPA
axis (Sutcliffe and de Lecea, 2000). Thus, orexins have the potential to regulate the stress
response through actions at multiple projection sites. For an illustration of orexin projections
to stress-relevant brain regions, please see Fig. 1.

3. Orexins and the stress response

Extending beyond their role in mediating general arousal and wakefulness, orexins are
important in the response to stressful stimuli which requires the animal to shift from a basal
to a reactive state (Berridge and Espafia, 2005). Accordingly, orexins are important in
regulating the neurobiological systems that respond to stressful stimuli. Most of the
literature has identified a role for orexins in regulating the acute stress response, while less is
known about the role of these neuropeptides in adaptations to repeated stress. Below, we will
discuss what is currently known about the involvement of orexins in regulating responses to
both acute and repeated stress.

3.1. Acute stress

Administration of orexins affects behaviors impacted by stress and induces both HPA and
sympathetic activity (discussed further in Sections 3.1.1 and 3.1.2) For example, central
administration of orexins induces grooming, face washing, and burrowing (lda et al., 2000).
These behavioral effects are blocked by an OX;R antagonist (Duxon et al., 2001). Moreover,
stimulation of orexins (by administration of clozapine-N-oxide (CNO), which binds to Gs-
coupled Designer Receptors Exclusively Activated by Designer Drugs (DREADDs)
expressed in orexin neurons) increases struggling behavior during restraint stress, and this is
prevented by an OX,R antagonist (Grafe et al., 2017b). Interestingly, orexin-deficient mice
have a diminished behavioral response to stress, as measured by decreased activity in a
resident-intruder paradigm (Kayaba et al., 2003), further highlighting the importance of this
neuropeptide in producing stress-related behaviors.

The interaction between orexins and stress is reciprocal. Consequently, in addition to orexin
increasing stress-related behaviors, acute stress activates orexins neurons. For example,
acute psychological stressors such as forced swim stress (Chang et al., 2007) and restraint
stress (Grafe et al., 2017b) produce increases in both the percentage of orexin neurons dual

Front Neuroendocrinol. Author manuscript; available in PMC 2019 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Grafe and Bhatnagar

Page 4

labeled with cFos (a measure of neural activation) and orexin A levels in the cerebrospinal
fluid. Restraint stress was also found to increase orexin neuron activity as measured by
increased calcium signals via fiber optometry (Gonzalez et al., 2016). Acute physical
stressors such as intraperitoneal injections and exercise have also been shown to increase
orexin neural activation (Messina et al., 2016; Panhelainen and Korpi, 2012). Remarkably,
acute stress can have long lasting effects on orexin gene expression, as increased prepro-or-
exin can be observed 2 weeks following an acute 2-minute foot shock stress (Chen et al.,
2013).

3.1.1. Hypothalamic-pituitary-adrenal axis—In general, orexins have been shown to
promote the HPA axis response to acute stress at all levels of the HPA axis. (Berridge et al.,
2010; Johnson et al., 2012; Winsky-Sommerer et al., 2005, 2004). For example, central
infusion of orexins activates CRH neurons. Additionally, optogenetic stimulation of orexin
neurons increases cFos expression in the PVN (Bonnavion et al., 2015). Moreover, CRH
neurons in the PVN abundantly express the OX,R (Trivedi et al., 1998). Central
administration of orexins also increases downstream HPA hormones ACTH and
corticosterone, and this can be reversed with a CRH antagonist (Al-Barazanji et al., 2001;
Jaszberényi et al., 2000; Kuru et al., 2000; Spinazzi et al., 2006). Orexins promote release of
ACTH through its actions on both OX4R and OX5R in the pituitary (Date et al., 2000).
Interestingly, narcolepsy patients with low levels of orexins have blunted ACTH levels,
which suggests that orexins are important in promoting this branch of the HPA response
(Kok et al., 2002). Orexins stimulate glucocorticoid secretion via OX4R in the adrenal gland,
though studies in both rat and human adrenal glands have indicated that both orexin
receptors are present (Lopez et al., 1999; Mazzocchi et al., 2001; Ziolkowska et al., 2005).
While both orexin 1 and 2 receptors have been implicated in acute HPA activity, the role of
each receptor appears dependent on the paradigm of stress used. For example, while the
orexin 1 receptor modulates ACTH release by restraint stress (Samson et al., 2007), it does
not modulate ACTH release induced by cage exchange stress (where the rodent is placed in
a dirty cage previously occupied by another mouse) (Bonaventure et al., 2015). The role
each receptor plays during each type of acute stress is likely dependent upon the circuitry
activated, as the relative expression of each orexin receptor differs between brain regions.

While orexins are known to promote HPA activity, it has also been shown that HPA
activation induces orexin activity. Specifically, electron microscopy has demonstrated that
CRH boutons contact orexin neurons (Horvath et al., 1999; Winsky-Sommerer et al., 2004),
and that orexin neurons express both CRH,R and CRH-BP mRNA and protein (Slater et al.,
2016). Moreover, electrophysiological data demonstrate that CRH administration increases
orexin neuron activity (Winsky-Sommerer et al., 2004). These studies also found that orexin
neurons were less sensitive to foot shock or restraint stress in CRH{R knockout mice. These
data, along with previous receptor localization data, suggest that both CRH{R and CRH5R
play a role in activating orexins during stress.

3.1.2. Sympathetic nervous system—Orexins are known to acutely promote
sympathetic nervous system activity. For example, central orexin administration increases
blood pressure, heart rate, and renal sympathetic nerve activity (Shirasaka et al., 1999; Smith
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et al., 2002). However, orexins have been shown to be involved in promoting the
sympathetic response to only certain types of stressors. For example, contextual fear
conditioning-induced increases in heart rate and blood pressure are reduced with the dual
orexin receptor antagonist almorexant, but restraint- and cold exposure-induced pressor and
tachycardic responses are not (Furlong et al., 2009). Moreover, sympathetic outflow during
defense responses are clearly regulated by orexins, as orexin knockout mice display
attenuated blood pressure and heart rate in response to emotional stress in the resident-
intruder test compared with controls (Kayaba et al., 2003). Recent experiments using
specific receptor antagonists (rather than dual receptor antagonists) have indicated that both
the OX4R and OX5R promote cardiovascular and locomotive responses to stress (Beig et al.,
2015). Orexin neurons exert much of their effects on the sympathetic response through
actions on the medulla and nucleus of the solitary tract (NTS) in the brainstem (de Oliveira
et al., 2003; Zheng et al., 2005).

Repeated stress

While the role of orexins in acute stress appears to be straightforward (orexins promote the
acute behavioral and neuroendocrine response to stress, and acute stress activates orexin
neurons), the role of the orexin system in regulating responses to repeated stress is not as
clearly defined. Whether orexin function is increased or decreased with repeated stress may
depend on the type, intensity, and duration of the stressor, and whether habituation and other
adaptations take place. With repeated exposure to moderately intense stressors, individuals
typically habituate to that stress as indicated by decreasing responsivity in behavioral, HPA
and autonomic measures (Grissom et al., 2008; Grissom and Bhatnagar, 2009). Failure to
habituate to a stressor is a hallmark of stress-related illnesses such as post-traumatic stress
disorder (PTSD) and panic disorder (Johnson et al., 2012). Interestingly, patients with panic
anxiety symptoms have higher levels of orexin in their cerebrospinal fluid (CSF) (Johnson et
al., 2010).

In studies using repeated restraint stress, both hypoactivity and hyperactivity of the orexin
system have been reported. For example, both orexin neuronal activation (as measured by
dual orexin and cFos immunohistochemistry) and orexin A levels in the cerebrospinal fluid
decreased after HPA habituation to repeated restraint in male rats (Grafe et al., 2017b). Thus,
in this case, habituation to a repeated stressor is associated with decreased orexin function.
Another study found that orexins were upregulated in the basolateral amygdala of male mice
after 14 days of repeated restraint stress (Kim et al., 2015). As this paradigm did not
examine HPA habituation to repeated restraint, and used 2 h of restraint per day (compared
with 30-min per day in the previously mentioned restraint study), it is possible that these
rodents did not habituate, which would explain their increased orexin activity. In addition,
the Kim et al. study reported upregulation of orexin mRNA transcripts specifically in the
amygdala, whereas the Grafe et al. study examined orexin neuronal activation in the lateral
hypothalamus and overall orexin levels in the cerebrospinal fluid. Thus, these different types
of assessments may yield quite different results. Ultimately, it will be important to examine
orexin function in a variety of locations during repeated stress (e.g. both in orexinergic
neurons in the lateral hypothalamus and in specific projection regions) in order to truly
understand the role these neuropeptides play.
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Both decreased and increased orexin function have been observed in rodents exposed to
repeated social defeat. Specifically, decreased prepro-orexin mRNA and orexin A and B
peptides were observed in the hypothalamus after social defeat paradigms in both mice and
rats (Lutter et al., 2008; Nocjar et al., 2012). Though HPA habituation was not assessed in
these paradigms, it has been suggested that when a stressor is chronic, predictable, and
inescapable, this leads to cessation of coping behaviors, orexin system hypoactivity, and may
lead to depressive-like behavior (Mahler et al., 2014). However, previous literature has noted
that there are naturally occurring differences in response to social defeat, where some
rodents display a passive coping strategy while others display an active coping strategy
(Wood et al., 2010). The passive coping strategy, assessed by a short latency to defeat, is
typically associated with delayed habituation to repeated defeat and depressive-like
behavior, whereas the active coping strategy is not (Finnell et al., 2017; Wood et al., 2010).
In a recent study, we found that active coping behaviors in social defeat are associated with
lower orexin function in male rats. Moreover, we found that inhibiting orexins (by
administering CNO, which binds to Gi-coupled DREADDs expressed in orexin neurons)
promotes resilience to repeated social defeat in previously passive coping rodents (Grafe et
al., 2018). Consistent with our data, another social defeat study found that lower orexin
function may be indicative of resilience, rather than vulnerability (Chung et al., 2014). Thus,
it appears that orexins may contribute to individual differences in response to social defeat
stress, whereupon lower orexins exhibited by actively coping animals is associated with
resilience to social defeat. However, in situations where animals are exposed to inescapable
stress (and exhibit reduced coping), lower orexins are associated with vulnerability to stress.

A study using 8 weeks of unpredictable chronic mild stress found that orexin neurons were
activated (using dual immunohistochemical staining for orexin and cFos) (Nollet et al.,
2011). Typically, unpredictable chronic mild stress prevents habituation through variation in
the type of stressor, which might explain the increase in orexin activation after repeated
stress in this case. Indeed, in a study of male and female repeated restraint, female rats did
not habituate as fully as males, and thus, had higher levels of orexin neuronal activation (as
measured by dual orexin and cFos immunohistochemical labeling) (Grafe et al., 2017a). In
this simplistic view of the orexin system in repeated stress, if habituation does not take
place, orexin function is increased, whereas if habituation does take place, orexin function is
decreased.

There are several gaps in our knowledge that need to be addressed to fully understand the
role that orexins play in repeated stress. First, we must examine orexin function in a variety
of locations, rather than just in orexinergic neurons, during repeated stress in order to gain a
better understanding of how these neuropeptides modulate repeated stress. While many brain
regions receiving orexin input may be important in regulating the response to repeated
stress, a study using repeated swim stress found that OX4R signaling in the paraventricular
thalamus was critical for adaptation to repeated stress (Heydendael et al., 2011). There are
likely many more brain regions in which orexins act to mediate habituation to stress,
including the amygdala, PVN, and LC (Grafe et al., 2017b). Next, we must examine orexin
function in individuals rather than just treatment groups to determine if these neuropeptides
mediate differential responses to stress (as was observed in social defeat stress). Lastly, it
will be important to determine whether differences in orexin function are present before
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stress occurs, or as a result of it. Pre-existing differences in orexin expression may impact
future responses to stress. Currently, our reliable measures of orexins (MRNA, protein in
brain and csf) require terminal procedures. Further, plasma levels of orexins do not differ
between narcoleptic patients and normal controls, and thus, are likely not a reliable
indication of central orexin activity (Dalai et al., 2001). Consequently, we cannot directly
determine whether differences in orexin expression pre-exists exposure to stress. With these
caveats in mind, the main conclusion we can draw is that the orexin system responds to
repeated stress differentially, depending on the nature of the stressor and how one adapts to
it. Ultimately, it appears that orexin function decreases with habituation, and is lower in rats
resilient to the consequences of repeated stress. For a summary of orexin measures after
various repeated stress paradigms, please see Table 1.

3.3.  Summary

The neuropeptides orexins are important regulators of the stress response. The role orexins
play in acute stress is relatively straightforward, with numerous studies providing evidence
of orexins increasing HPA and sympathetic activity, as well as stress-related behaviors.
Moreover, acute stress produces reliable increases in orexin actions, thus, this relationship
between orexins and acute stress is reciprocal. While orexins modulate the response to
repeated stress, less data is available on this topic. Currently, it appears that the involvement
of the orexin system in repeated stress depends on the type, intensity, and duration of the
stressor, and whether one adapts to this repeated stress. More research should be done on the
particular brain regions that orexins modulate during repeated stress. Additionally, it would
be ideal to measure orexin function in the same individuals before, during, and after stress in
order to determine exactly how this system changes in response to repeated stress.

4. Orexins and phenotypes relevant to mental health

4.1. Sleep

Orexin neurons receive a variety of signals related to environmental, physiological and
emotional stimuli, and project broadly to the entire central nervous system. Orexin neurons
are implicated in a wide variety of neuroendocrine and behavioral responses that are
disrupted in stress-related psychiatric disease including sleep, cognition, appetite, addiction,
emotion and pain (Allard et al., 2004; Bingham et al., 2001; Chemelli et al., 1999; Harris et
al., 2005; Lambe et al., 2005; Sakurai, 2014; Sakurai et al., 1998; Suzuki et al., 2005a).
Below, we will discuss preclinical studies that shed light on how orexins contribute to each
phenotype associated with stress-related mental illness.

The role of orexins in narcolepsy was discovered in humans, dogs, and mice in quick
succession, highlighting the importance of these peptides in arousal, which can be defined as
an increase in sensory alertness, motor activity, and emotional reactivity (Chemelli et al.,
1999; Lin et al., 1999; Nishino et al., 2000; Pfaff et al., 2002; Reilly, 1999). Notably, orexin
knockout mice displayed reduced arousal (periods of behavioral arrest during the dark
period as measured by video photography), which was further characterized as narcolepsy-
like behavior (up close videos revealed collapse of head and neck, with simultaneous
buckling of the limb, and EEG confirmed this was REM sleep) (Chemelli et al., 1999).
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Ox2R knockout mice also show decreased arousal (behaviorally abnormal attacks of non
REM sleep, and disrupted wake), but their phenotype is milder than orexin null mice (Willie
et al., 2003). In contrast, OX4R knockout mice do not display any overt behavioral
abnormalities (Sakurai, 2007). Interestingly, targeted restoration of OXR in the locus
coeruleus or Ox2R in the dorsal raphe in orexin receptor knockout mice prevent pathological
fragmentation of wakefulness and cataplexy, respectively (Hasegawa et al., 2014). Moreover,
lesioning the amygdala reduces cataplexy in orexin knockout mice, which may explain why
these episodes are often triggered by strong emations (Burgess et al., 2013). Thus, orexins
promote arousal through both the OX1R and OX5R in brain regions such as the dorsal raphe
and locus coeruleus, with afferent input from the amygdala.

Preclinical data supports the hypothesis that orexin hyperactivity plays a role in insomnia
(Prober et al., 2006). (1) Central administration of exogenous orexin promotes arousal and
wakefulness (Nagahara et al., 2015). (2) Optogenetic activation of orexin neurons increases
the likelihood of sleep-wake transitions (Adamantidis et al., 2007). (3), Endogenous orexin
levels increase during wakefulness and decrease during sleep (Hagan et al., 1999). (4)
Orexin receptors antagonists are an effective treatment for insomnia, further supporting the
idea that orexin hyperactivity contributes to insomnia (Gotter et al., 2012a; Nakamura and
Nagamine, 2017). In contrast, loss of orexins (as in narcolepsy) results in hypersomnia,
including disrupted REM sleep, excessive daytime sleepiness, and cataplexy (Nakamura et
al., 2011). Indeed, decreased levels or orexins in the cerebrospinal fluid levels can be used as
diagnostic criteria for narcolepsy (Mignot et al., 2002).

Changes in arousability are a key phenotype of stress-related psychiatric disorders, often
predating a formal diagnosis of these disorders (Benca, 1996). For example, increased
arousability is observed in PTSD, as measured by an exaggerated startle response,
irritability, hypervigilance, and sleep disturbances (Jorge, 2015). Studies in the rat have
found altered orexin signaling underlies stress-induced abrupt awakening, which can be
observed even 21 days after the stress has ended, when rats are re-exposed to the original
footshock context (Yu et al.,2016). The abrupt awakening was present in female rats that had
undergone footshock stress and those that had witnessed cage mates undergoing footshock
stress, demonstrating that observing a stressful event is sufficient to cause these orexin-
mediated disruptions in arousal. A novel orexin 1 receptor antagonist has recently been
discovered that will reduce panic-like responses in rodents with no apparent sedative effects,
and consequently, may be a good candidate for treatment of anxiety disorders (Bonaventure
etal., 2017). Collectively, it is clear that the orexins contribute to changes in arousability in
response to stress. This may lead to dysregulation of sleep, which is a key phenotype in
psychiatric illness.

4.2. Cognition

Given that orexins promote arousal, and changes in arousal can modulate cognitive function
(Maran et al., 2017; Packard and Goodman, 2012), these neuropeptides likely play an
important role in cognition. In support of this, narcoleptic patients show specific cognitive
impairments (Blackwell et al., 2017). Consistently, much of the preclinical literature
suggests that orexins enhance cognitive function. Accordingly, when orexin antagonists are
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used, different types of cognitive function, such as attention, spatial memory, and social
memory, are impaired. For example, studies in rodents demonstrate that orexin
administration into the prefrontal cortex increases attentional performance in a self-paced
task of visuospatial sustained and divided attention, while systemic administration of orexin
receptor 1 antagonist SB334867 decreases performance in a sustained attention task
(Boschen et al., 2009; Lambe et al., 2005). Moreover, transnasal delivery of orexin A in
monkeys ameliorates sleep deprivation-induced cognitive deficits in a delayed match-to-
sample memory task assessing short term memory (Deadwyler et al., 2007). Previous studies
have demonstrated via both lesion experiments and neural activity measurements that the
medial prefrontal cortex (mPFC) is required for attention-related tasks and short-term
memory tasks (Fuster and Alexander, 1971; Miner et al., 1997; Pardo et al., 1991; Sakurai
and Sugimoto, 1985). Moreover, the literature indicates that mRNA for both orexin 1 and 2
receptors are expressed in the medial prefrontal cortex (Marcus et al., 2001). Thus, orexin
actions in the mPFC likely promote attention.

Inactivation of orexin 1 receptors in the hippocampus impairs acquisition, consolidation, and
retrieval in the Morris Water Maze, a spatial memory task (Akbari et al., 2006). However,
systemic administration of the dual orexin antagonist almorexant failed to impact spatial
memory in the Morris Water Maze (Dietrich and Jenck, 2010). As the latter study used
systemic administration, it is possible that the antagonist was not used at a high enough dose
to prevent orexin action in the hippocampus of these rats. Additionally, the sleep-promoting
properties of almorexant may have indirectly elicited a beneficial effect on cognitive
function, but this has not been extensively tested. In sum, there is some evidence that orexins
promote spatial memory through actions in the hippocampus.

Orexin-A also appears to enhance social memory, as Orexin/ataxin-3-transgenic mice, in
which orexin neurons degenerate by 3 months of age, display deficits in long-term social
memory, which was measured using an automated “two-enclosure homecage” social test
(where mice had to choose between approaching a previously investigated mouse or a novel
mouse after a 60 min delay) (Yang et al., 2013). Nasal administration of exogenous orexin-A
restored social memory and enhanced synaptic plasticity in the hippocampus in these ataxin
mice. This experiment, studying how orexins contribute to social memory, along with the
previously discussed experiments, focusing on the role of orexins in attention and spatial
memory, support the idea that orexin activation enhances several different types of cognitive
function.

However, when orexin activity is increased during stress, it is possible that cognition might
be negatively impacted. For example, we recently found that stimulating orexins (by
administering CNO, which binds to Gs-coupled DREADDs expressed in orexin neurons)
during social defeat stress leads to subsequent impairments in the novel object recognition
test (unpublished). This test assays spatial and recognition memory and depends on
hippocampal and entorhinal cortex structures, which express both OX4R and OX,R (Marcus
et al., 2001; Stackman et al., 2016; Wilson et al., 2013; Yang et al., 2013). Interestingly,
stimulating orexins did not impair novel object recognition in non-stressed rats, thus, the
specific interaction between increased orexins and stress caused cognitive impairment. It
may be that the combination of CNO-induced increases in orexin activity and stress-induced
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increases in orexin activity leads to excessive orexin-induced arousal, and as a result,
cognition is impaired. The relationship between orexin activity and cognitive function may
be an inverted U curve, consistent with the understanding of GPCR regulation (Black et al.,
2016). Specifically, when orexin levels are too low, as in narcolepsy, cognition is impaired;
however, when orexin levels are too high, as in conditions of stress, cognition may also be
impaired, possibly due to receptor desensitization or downregulation (Black et al., 2016). An
appropriate amount of orexins is required to maintain optimal cognitive ability. One possible
mechanism by which stress might interact with orexins to impair cognitive function is
through its actions in the prefrontal cortex. Particularly, several laboratories have shown that
repeated restraint causes atrophy in the apical dendrites in layer 11/111 pyramidal cells in the
PFC, which are directly innervated by orexin (Lambe et al., 2005). This pathway only
explains the role of orexins in cognitive tasks that are PFC-dependent (and likely not the
hippocampally-mediated novel object recognition task). Future research should investigate
other brain regions involved in orexin-mediated changes in cognition after stress. In sum,
orexins play an important role in stress-induced cognitive impairment, which is an important
phenotype in stress-related psychiatric disorders.

4.3. Appetite

Orexins first emerged because of their significant appetite inducing effects (Sakurai et al.,
1998). Specifically, many preclinical studies demonstrate that orexins promote food intake
(Dube et al., 1999; Sweet et al., 1999). Conversely, orexin antagonists reduce food
consumption (Haynes et al., 2000). Moreover, the orexin system appears to be regulated by
nutritional states. For instance, overnight food deprivation, a physiological stressor, increases
expression of both prepro-orexin (Cai et al., 1999) and its receptors (Karteris et al., 2005).
While some argue that orexin-induced hyperphagia is a consequence of enhanced arousal,
one study demonstrated that this was not the case (Kotz et al., 2002). Specifically, orexin A
stimulated feeding the same amount whether in the presence or absence of a running wheel.
Therefore, orexin-induced feeding is not always coincident with increased activity
suggesting that the hyperphagic response is not merely an artifact of arousal (Rodgers et al.,
2002).

As central orexins increase food intake, and orexin receptor antagonists decrease food
intake, one might expect orexin deficient mice to be lean. However, transgenic mice with
gradual loss of orexin neurons show feeding abnormalities and dysregulation in energy
homeostasis, leading to obesity despite the reduced food intake (Chieffi et al., 2017).
Reduced physical activity appears the main cause of weight gain in these models resulting in
energy imbalance. In parallel, narcoleptic patients show an increased incidence of obesity
(Dahmen et al., 2001). Oppositely, transgenic overexpression of orexin confers resistance to
obesity, possibly due to increased locomotor activity, sympathetic tone, and higher metabolic
rate (Funato et al., 2009). In sum, stable orexin deficiency or overexpression (as opposed to
transient changes in orexin levels) appear to affect body weight via changes in energy
expenditure.

Several studies have examined how orexin neurons regulate appetitive behavior during and
after stress. For example, orexins were found to play a role in stress-induced binge eating, as
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their levels are significantly elevated in response to a high fat diet in previously restricted
mice (Pankevich et al., 2010). Moreover, orexins are thought to interact with reward systems
to selectively regulate intake of highly palatable food, and thus might be a good target for
control of compulsive eating (Piccoli et al., 2012). After sleep deprivation, which is
fundamentally stressful, rats show an increase in orexin mMRNA expression and an associated
increase in appetite (Martins et al., 2010). Interestingly, in this same study, sleep recovery
reduced levels of orexin mMRNA and animals became hypophagic. Stress that occurs
prenatally has also been found to impair orexin function in response to starvation (Boersma
et al., 2016). Thus, a dysfunction in this neuropeptide system after stress may lead to an
anorexic phenotype. In addition to regulating appetite during stress, orexins may affect
overall body weight through changes in physical activity. Indeed, it has been suggested that
orexin dysfunction may lead to hyperactivity observed in patients with anorexia nervosa
(Baranowska et al., 2008). Consistently, we have found that stimulation of orexins prior to
each of 5 days of repeated restraint stress causes a decrease in body weight, coincident with
an increase in struggle behavior during restraint (Grafe et al., 2017b). Again, the type,
duration, and intensity of the stressor may dictate how orexins regulate subsequent changes
in appetite and physical activity. Nonetheless, the majority of work suggests that orexins
mediate increases in appetite and feeding. This remains an important area of research
because feeding and metabolism are important phenotypes in stress-related psychiatric
illness.

4.4. Addiction

While orexins are known to be involved in natural rewards such as food intake (Sharf et al.,
2010) and sexual behaviors (Di Sebastiano et al., 2011), these neuropeptides have also been
implicated in drugseeking behavior (Borgland et al., 2006; Harris et al., 2005). There is
anatomical evidence of orexin fibers projecting to the ventral tegmental area and both orexin
1 and 2 receptor mRNA are present in dopaminergic neurons (Korotkova et al., 2003). In
addition, orexins have been shown to promote excitation in dopaminergic neurons
(Korotkova et al., 2003). However, others report that few orexinergic projections end in
synaptic contacts with dopaminergic neurons, suggesting that orexin might be released
extrasynaptically (Balcita-Pedicino and Sesack, 2007). Regardless, activation of orexins
increases preference for cues indicating drug reward and reinstates extinguished drug
seeking behavior (Harris et al., 2005). The OX;R (rather than the OX5R) appears to be more
important in regulating drug seeking behavior and self-administration (Prince et al., 2015;
Zarepour et al., 2014). Orexins also facilitate reward by attenuating the antireward effects of
its cotransmitter dynorphin in the ventral tegmental area (Muschamp et al.,2014). In short,
orexins may be important in promoting drug reward seeking behaviors.

Accompanying this role of orexins in mediating drug reward, orexins also play an important
role in stress-induced reinstatement of drug seeking behavior. Evidence for this includes that
an orexin antagonist prevents foot shock-induced reinstatement (Boutrel et al., 2005).
Additionally, several studies highlight the importance of the CRH system interacting with
orexins to mediate drug seeking. For example, recent studies have found that the CRH{R
and OX;R oligomerize, associating with the cocaine target ol receptor, and modulating
dopamine release in the VTA. This provides a mechanism by which orexins are involved in
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stress-induced cocaine seeking (Navarro et al.,2015). In addition to cocaine seeking, the
CRH4R has been shown to mediate orexin activation in morphine reward (Lasheras et al.,
2015). Ultimately, orexin and CRH may modulate drug seeking by modulating NMDA
receptor function in the VTA (Borgland et al., 2010). Overall, the literature supports a
dynamic interaction between orexins and the stress/reward pathways, highlighting how these
neuropeptides may contribute to addictions that are highly comorbid with stress-related
psychiatric illness.

4.5. Emotions

45.1. Anxiety-like behavior—Much of the preclinical literature indicates that orexins
promote anxiety-like behaviors. For example, central injections of orexins decrease time
spent in the light in the light-dark test and decrease time spent in the open arms in the
elevated plus maze (Avolio et al., 2011; Li et al., 2010; Suzuki et al., 2005b). In contrast,
OX4R receptor antagonist SB-334867 has been shown to reduce anxiety-like behaviors in
mice exposed to cat odors (as measured by a decrease in hiding and increase in approach
toward the cat odor) (Vanderhaven et al., 2015). SB-334867 pretreatment was also shown to
reduce sodium lactate-induced anxiety-like behavior in mice. Specifically, SB-334867
pretreatment increased social interaction behavior and time spent in the center in an open
field test compared to vehicle pretreated groups (Johnson et al., 2010). Thus, the OX;R
appears to regulate anxiety-like behaviors in several different behavioral paradigms.
Interestingly, the spontaneously hypertensive rat, which is known for its anxiety-like
behaviors (as measured by decreased social interaction in the social interaction test,
decreased time spent in the center in the open field test, and decreased time spent in the open
arms on the elevated plus maze compared to other strains (Ramos et al., 1997)), has
increased expression of orexins neurons compared to other rat strains (Clifford et al., 2015).
This provides further support for the idea that orexins promote anxiety-like behaviors.

Orexin action during stress induces anxiety-like behavior. For instance, when orexins are
stimulated during social defeat stress (by administering CNO, which binds to Gs-coupled
DREADDs expressed in orexin neurons), subsequent social interaction time decreases
(unpublished). However, stimulation of orexin neurons in the absence of stress was not
sufficient to change subsequent social behavior. Thus, perhaps CRH or another stress related
peptide must synergize to create this effect. In a separate study, inhibition of orexin action
during social defeat (by administering CNO, which binds to Gi-coupled DREADDs
expressed in orexin neurons) increased the amount of social interaction time in passively
coping rats, with total interaction time at a comparable level to that of actively coping rats
(Grafe et al., 2018). Thus, inhibiting orexins throughout social stress decreased the socially
relevant anxiety-like behavior. The brain regions in which orexins act during stress to
regulate anxiety-like behaviors are not fully elucidated. However, orexins have dense
projections to the PVT and BNST (Peyron et al., 1998), and previous studies have
demonstrated that orexins act in these brain regions to induce anxiety-like behavior
(Heydendael et al., 2013, 2011; Li et al., 2010; Lungwitz et al., 2012). Collectively, the
preclinical data indicate that increased orexin signaling contributes to increased measures of
anxiety-like behaviors, which is a key phenotype in many stress-related psychiatric
disorders.
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4.5.2. Depressive-like behavior—Many preclinical studies indicate that depressive-
like behavior in rodents is associated with reduced orexin system function. For example,
Wistar-Kyoto rats, which demonstrate hormonal and behavioral traits analogous to those
observed in depressed patients (Will et al., 2003), express a lower number of orexin neurons
(Allard et al., 2004). Moreover, orexin immunoreactivity in the lateral hypothalamus of adult
male Nile grass rats (a diurnal equatorial rodent species) was attenuated in a model of
seasonal affective disorder using dim light conditions, consisting of 12-hr of light and 12-h
dark, but only 50 Ix light for the dim lighft condition, rather than a bright light condition of
1000 Ix for 4 weeks total (Deats et al., 2014). In socially defeated rats that displayed
increased immobility in the forced swim test, orexin system function was also reduced
(Lutter et al., 2008). A more recent study found that this social defeat-induced immobility in
the forced swim test could be reversed with a central orexin agonist (Chung et al., 2014).

However, other preclinical studies examining depressive-like behaviors demonstrate
increased orexin system function. For example, Flinders Sensitive Line rats that are used as a
genetic model of depression display increased orexin neurons compared with controls
(Mikrouli et al., 2011). Moreover, chronically restrained C57BL/6 mice that show multiple
measures of depressive-like behavior (namely, decreased social interaction in the U-field
test, decreased sucrose consumption in the sucrose preference test, and increased immobility
in both the tail suspension test and forced swim test) had increased orexin mRNA in the
amygdala; knocking down orexin expression reversed these behaviors (Kim et al., 2015).
Repeated corticosterone injections have also been shown to increase orexin system function
and depressive-like behavior. Specifically, corticosterone injections concurrently increase the
number of orexin neurons in the hypothalamus and increase immobility in the forced swim
test and tail suspension test (Jalewa et al., 2014). Also supportive of the idea that high
orexins underlie depressive-behavior, OX;R knockout mice show decreased immobility time
in the forced swim test (Abbas et al., 2015). Moreover, pharmacological blockade of the
orexin system during unpredictable chronic mild stress reduces subsequent immobility in the
tail suspension test (Nollet et al., 2012).

It is likely that orexins are acting in multiple brain regions to regulate depressive-like
behaviors. For example, one recent study found that orexin 1 receptors in the amygdala
regulate immobility in the forced swim test, a measure of depressive-like behavior (Arendt et
al., 2013). Other experiments indicate that orexin interaction with the dorsal raphe may be
important in regulating depressive-like behaviors (Brown et al., 2001; Muraki et al., 2004).
There are likely many more brain regions of dense orexin innervation that contribute to these
depressive behaviors after stress. However, whether these regions are receiving more or less
orexin signaling may depend on the duration, intensity, and type of stressor. Moreover, the
orexin receptors in these various brain regions may have divergent roles in depressive-like
behavior, as OX1R and OX,R knockouts have antidepressant and pro-depressant-like effects
(measured by the forced swim test and tail suspension test), respectively (Scott et al., 2011).
Overall, preclinical data support a role for orexins in depressive-like behavior, but the exact
mechanism by which orexins exert their effects remains unknown. Nonetheless, these
neuropeptides are altered in multiple measures of depressive-like behavior after different
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stress paradigms, which highlights their potential importance in stress-related psychiatric
disease.

4.5.3. Fear—Preclinical data indicate that orexins contribute to freezing behavior in fear
conditioning paradigms. For example, a study in mice has found that prepro-orexin mMRNA
is increased after repeated foot shock stress, and the amount of prepro-orexin mRNA is
positively correlated with the amount of freezing in response to the shock chamber.
Moreover, a dual orexin receptor antagonist decreased freezing behavior in the shock
chamber (Chen et al., 2014). These data, together with an additional study showing that
orexin neurons are activated upon re-exposure to a footshock chamber (Furlong et al., 2009),
indicate that orexins contribute to contextual fear conditioning, and this may be mediated by
both orexin receptors. A dual orexin receptor antagonist also reduced fear-potentiated startle,
which suggests that both orexin receptors may be involved in cued fear conditioning (Steiner
et al., 2012). Delineation of which orexin receptors might be important for particular types
of fear conditioning paradigms came first with the help of knockout mice. Specifically, mice
lacking the OX1R show impaired freezing responses and reduced neuronal activation in the
lateral amygdala in response to both cued and contextual fear conditioning (Soya et al.,
2013). Restoring OX1R selectively in the locus coeruleus ameliorated these behavioral and
neuronal responses. In contrast, mice lacking OX,R show reduced freezing in a contextual
but not cued fear paradigms (Soya et al., 2013). However, a more recent study using specific
orexin antagonists has found that the OX4R, and not the OX,R is important in regulating
contextual fear (Wang et al., 2017). While much of contextual and cued fear is attributed to
the hippocampus and amygdala (Johnson et al., 2012), which express both orexin receptors
(Marcus et al., 2001), the PVT (which receives dense orexinergic projections) has also been
found to be important regulating the fear response; lesioning the PVT decreases freezing in
response to cued fear conditioning (Li et al., 2014). However, another study using a dual
orexin receptor antagonist in the PVT had no effect on cued or conditioned fear, thus orexins
in the PVT do not appear to contribute to the expression of learned fear (Dong et al., 2015).
Collectively, these preclinical data indicate that orexins contribute to the fear response
through multiple brain regions, and the type of orexin receptor that mediates these behaviors
is dependent upon the type of fear conditioning paradigm used (and the brain regions
engaged). While the formation of fear memories after stress exposure is typically an
adaptive process that helps one avoid similar situations and improve coping strategies,
dysregulation of the fear response occurs in anxiety disorders and phobias (Flores et al.,
2015). Orexins appear to regulate fear; thus, they may contribute to some of these stress-
related illnesses.

Orexin fibers project to many areas of the central nervous system, including regions involved
in modulating pain (Peyron et al., 1998). Orexins are thought to be anti-nociceptive, as
orexin knockout mice show increased sensitivity to pain and less stress-induced analgesia
(Watanabe et al., 2005). Moreover, chronic pain is more common and more disabling in
narcolepsy patients (Li et al., 2016). Conversely, peripheral and central administration of
orexin A and B show antinociceptive effects in thermal, mechanical, and chemical assays
(Bingham et al., 2001; Mobarakeh et al., 2005). It was recently discovered that orexins
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induce long term depression in the spinal cord dorsal horn, which might explain the
mechanism by which these neuropeptides exert their analgesic effects (Park and Weon,
2017).

There has been increasing evidence supporting the link between orexin function and
headaches. Studies initially identified a polymorphism in the hypocretin receptor 2 gene that
is associated with headache (Rainero et al., 2004). Additional experiments have found
reduced orexin levels in cerebrospinal fluid in cluster headache (Bartsch et al., 2004). A
recent study indicated that retinal ganglion cells project, in part, to orexin neurons in the
lateral hypothalamus, which then project to nuclei in the brainstem and spinal cord,
strengthening the link between bright light and migraines (Noseda et al., 2017). Intranasal
administration of orexin A is a potential treatment for headaches, and is currently used for
narcolepsy with cataplexy (Weinhold et al., 2014).

Though chronic stress generally exacerbates pain, acute stress may suppress pain (Ahmad
and Zakaria, 2015). While there is not much research on the role of orexins in chronic stress-
induced hyperalgesia, recent work indicates that orexins contribute to some aspects of stress-
induced analgesia. For example, OX1R induces endocannabinoid signaling in the
periaqueductal gray, which can increase hot plate latency in mice; this was prevented with
treatment of OX1R antagonist SB334867 (Lee et al., 2016). Thus, orexin activation may
reduce pain in response to acute stress. More research is needed to better understand the role
of orexins in chronic stress-induced pain. Regardless, it is clear that orexins modulate pain,
including headaches, which are comorbid in stress-related psychiatric disorders (Antonaci et
al., 2011; Felice et al., 2015). Thus, these neuropeptides may be an important target for this
key phenotype in stress-related illness.

4.7. Summary

Preclinical data support the role for orexins in stress-induced changes in sleep, cognition,
appetite, addiction, emotion and pain. Specifically, orexins mediate stress-induced changes
in arousal, impairing both sleep and cognition. Additionally, orexins are important in stress-
induced increases in both natural reward and drug seeking behaviors. Orexins have also been
shown to play a role in stress-induced anxiety-like behaviors, depressive-like behaviors, and
fear responses. Lastly, orexins are important in modulating pain, including headaches. As
disruptions in all of these behaviors are important phenotypes in stress-related psychiatric
illness, orexins may be a potential target for treatment of these disorders. For a summary of
orexin action in phenotypes relevant to mental health, please see Fig. 2.

5. Orexins and stress-related psychiatric illness

Altered orexin system function has been observed in many different stress-related
psychiatric disorders. Below, we discuss what is known about the role of orexins in specific
stress-related illnesses such as Major Depressive Disorder and Anxiety Disorders.

5.1. Major depressive disorder

The link between the orexinergic system and depression remains equivocal, as clinical
models report conflicting results. Specifically, different studies measuring orexin A in both
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the cerebrospinal fluid and plasma indicate that either hypoactivity (Brundin et al., 2007) or
hyperactivity (Salomon et al., 2003; von der Goltz et al., 2011) of the orexinergic system is
associated with Major Depressive Disorder. Orexin mRNA levels in peripheral blood cells
have been negatively correlated with scores on the Hamilton rating scale for depression,
suggesting that orexin expression may be associated with severity of depression (Rotter et
al., 2011). Interestingly, reduced diurnal variation of orexin levels in the cerebrospinal fluid
has been reported in MDD (Salomon et al., 2003), which might explain disruptions in sleep-
wake patterns in these patients. Remarkably, these levels could be restored with
antidepressant treatment. In psychologically normal, epileptic patients, microdialysis probes
implanted in the amygdala revealed that higher orexin levels were observed during stronger
emotions but lower orexin levels were present during flat affect, demonstrating that orexin
activity is important in regulating emotions and not just arousal related symptoms in mood
disorders (Blouin et al., 2013). The OX R gene has also recently been implicated in Major
Depressive Disorder, as a polymorphism in this receptor is more common in MDD patients
compared with controls (Rainero et al., 2011). While it is hypothesized that this
polymorphism alters orexin receptor function, its exact function remains unknown. Thus, it
is clear that orexin function is altered in Major Depressive Disorder, but it is unclear if these
neuropeptides are important in the development of this illness.

5.2. Anxiety disorders

On the whole, the clinical literature suggests that orexins are anxiogenic. For example,
orexin levels in the cerebrospinal fluid are increased in patients with Panic Disorder
(Johnson et al., 2010), which is an anxiety disorder characterized by unexpected attacks of
heightened arousal, somatic symptoms, and fear (Hasan and Mooney, 1986). Remarkably,
silencing orexins with RNA interference or an orexin 1 receptor antagonist blocked panic
responses in an animal model of panic disorder (Johnson et al., 2010). Thus, hyperactivity of
the orexin system appears to contribute to panic disorder, and orexin 1 receptor antagonists
may constitute a novel treatment for panic disorder. A link between the orexin 2 receptor and
panic disorder has also been identified; namely, the Iso allele of the Val380Iso
polymorphism in the orexin 2 receptor is more frequent in panic patients than in controls
(Annerbrink et al., 2011). The functional significance of this polymorphism is unknown, but
has been suggested to hinder the dimerization of the receptor (as either a homodimer or a
heterodimer with the orexin 1 receptor) (Rainero et al., 2008).

In a clinical study using the anti-panic drug sertraline (a selective serotonin reuptake
inhibitor which specifically blocks the SERT transporter), orexin levels in the cerebrospinal
fluid were reduced, suggesting that orexins are anxiogenic (Salomon et al., 2003). Further
supporting this notion, the drug buproprion, which has lower efficacy in treating panic
disorder (but is better for treating depression), does not decrease orexin levels in the
cerebrospinal fluid (Salomon et al., 2003). Thus, reducing orexin function could be an
effective treatment of panic disorder. However, it should be noted that this study is
correlational in nature, and thus, does not provide concrete evidence that orexins are
anxiogenic.
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In contradiction to this prior evidence, many narcoleptic patients with impaired orexin
system function display panic anxiety. However, this does not preclude orexins from playing
an important role in panic anxiety. As with most phenotypes, panic anxiety is likely
regulated by a variety of neurotransmitters, including norepinephrine, which may
compensate if other arousal peptides like orexins are low (as they are in narcolepsy). In sum,
orexins appear to play a convincing role in panic anxiety, and may be a good target for
treatment.

5.3. Summary

Inconsistencies in reports of hypoactivity versus hyperactivity of the orexin system in stress-
related psychiatric disorders may result from the heterogeneity of these disorders as well as
limitations in measuring orexin levels and baseline state of orexin neuron activity or orexin
concentrations. Both genetic and environmental factors contribute to the heterogeneity of
these disorders (Gregory et al., 2008; Koenen et al., 2008; Pigoni et al., 2017; Poulton et al.,
2008). As previously mentioned, various polymorphisms have been noted in orexin system
function in these disorders. These polymorphisms have all recently been found, and there
may be many more to discover. Moreover, these polymorphisms will likely not be uniform
in all patients for a given mental illness. In addition, environmental exposure to different
types, intensities, and durations of stressors may affect orexin system function, as we saw in
preclinical models. Each person will encounter unique stressors that may increase the risk of
developing these psychiatric illnesses. Lastly, whether measures of orexin in plasma or
cerebrospinal fluid are physiologically meaningful and can act as proxy for central orexin
system activity remains to be established. Orexin levels in plasma are close to the resolving
limit of radioimmunoassay, thus comparing plasma levels of orexin in control versus
depressed patients is likely not a reliable measure (Chen et al., 2015). Going forward, it
would be ideal to determine more reliable measures of orexin function in clinical studies so
that we may discern the contribution of this system in psychiatric illness. For a summary of
orexin measures in stress-related mental illness, please see Table 2.

6. Sex differences in orexins

Women are twice as likely as men to suffer from stress-related psychiatric disorders, such as
post-traumatic stress disorder and depression, however, the biological basis of these sex
differences is unknown (Keane et al., 2006; Kessler et al., 1994; Nestler et al., 2002;
Seeman, 1997; Sheikh et al., 2002). As previously mentioned, orexins regulate the stress
response and are altered in anxious and depressed patients (Brundin et al., 2007; Johnson et
al., 2010; Strawn et al., 2010). Thus, it is possible that orexins may contribute to these sex
differences in stress-related psychiatric disorders.

Most studies examining orexin function, whether preclinical or clinical, have been
performed in males. While sex differences in orexin precursor prepro-orexin mRNA have
been previously reported (Johren et al., 2002), neither the mechanisms underlying this sex
difference nor the functional consequences of this disparity were understood. Our lab
conducted a detailed examination of sex differences in the HPA response to repeated stress
and in subsequent cognitive flexibility using the Attentional Set Shifting Test (AST) (Grafe
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et al., 2017a). Using inhibitory DREADDs specifically targeted to orexin neurons, we
determined the role of orexins in mediating the effects of stress. We determined that elevated
orexins in female rats are responsible for heightened HPA responses to repeated stress and
stress-induced cognitive deficits in the side reversal task of AST (Grafe et al., 2017a). This
suggests a novel role for orexins in mediating sex differences in functions that are altered in
stress-related psychiatric disorders. Our data also suggest that glucocorticoid receptors act
directly on the orexin promoter to increase prepro-orexin expression in females, providing a
novel regulatory mechanism for the control of orexin system activity. Another study reports
that estrogens increase expression of both orexins and their receptors, but the exact
mechanism by which this occurs is unknown (Silveyra et al., 2010).

Other recent preclinical studies have also noted sex differences in orexin function.
Specifically, female rats have recently been reported to have a higher sensitivity to metabolic
cues than males through orexin neuron activation (Fukushima et al., 2015). Moreover, at a
particular pharmacological dose, blocking orexin 1 receptor disrupts addictive-like behaviors
for sucrose and cocaine in males but not females (Cason and Aston-Jones, 2014; Zhou et al.,
2012). These studies provide support for the idea that orexin function is increased in female
rodents. Specifically, fasting caused more orexin neurons to be active in females than males
(Fukushima et al., 2015) and a higher dose of the orexin antagonist may have been required
to reduce orexin activity in female rats compared with male rats to inhibit addictive behavior
(Cason and Aston-Jones, 2014; Zhou et al., 2012). On the other hand, if high levels of orexin
mediate these addictive behaviors in females, perhaps one might expect that even a low dose
of orexin antagonist would produce an observable effect. Regardless, food and drug seeking
behavior engages the orexin system differentially in males and females. Further support for
increased orexin function in females comes from a recent study in which OX,R expression
in the PVVN was found to be higher in female rats compared with male rats (Loewen et al.,
2017). Increased OX5R expression might suggest increased orexin action at the apex of the
HPA response; this might explain, in part, how orexins exacerbate the response to stress in
female rats. Lastly, a model of chronic unpredictable mild stress in both sexes found that
there was a significant positive correlation between CRH mRNA and prepro-orexin mRNA
and a significant increase in OX1R in female but not male rats (Lu et al., 2017). Together,
these data strengthen support for sexually dimorphic orexin system changes, namely, that
female rodents demonstrate higher orexin system activity compared with male rodents.

Sex differences in orexin action have recently been reported in the clinical literature as well.
For example, orexin immunoreactivity in the anterior cingulate cortex and dorsolateral
prefrontal cortex was reported to be increased in female patients with MDD compared with
male patients with MDD (Lu et al., 2017). This may indicate that orexins are important in
the etiology of depression, as it is more common in females. Moreover, another study
examining control and Alzheimer’s patients found that females had higher orexin levels in
the cerebrospinal fluid than males, regardless of the diagnosis (Schmidt et al., 2013).
Interestingly, narcolepsy, due to hypofunction of orexins, is more common in men, whereas
insomnia, possibly due to overactive orexin action, is more common in women (Mallampalli
and Carter, 2014; Nakamura et al., 2011; Prober et al., 2006). Orexin antagonists are
currently used to treat insomnia, thus, sex differences in orexin activity could signify a future
need to develop sex-specific guidelines in dosing (as exists with zolpidem, a GABA receptor
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agonist (Farkas et al., 2013; Mallampalli and Carter, 2014)). As orexins regulate the stress
response, cognitive function, sleep, food intake, autonomic responses, and emotional
memory (Sakurai, 2014), these treatments may ameliorate many phenotypes of stress-related
illness in a sex-specific way.

7. Conclusions

The orexin system is critical for our response to stress, and modulates many behaviors
relevant to mental health. In general, orexins promote arousal, which is a key component
underlying the response to stressful stimuli. Thus, orexins are important in inducing the
response to stress. Moreover, conditions of stress reciprocally promote high orexin activity,
which then leads to ongoing increased wakefulness, disrupted cognition, changes in appetite,
addictive behaviors, dysregulated emotions, and heightened sensitivity to pain, which are all
key phenotypes in stress-related psychiatric disorders. Importantly, there is increased
evidence of individual differences in the role of orexins in responses to repeated stress.
Current evidence suggests that if an individual habituates to repeated stress, such as to
repeated restraint and to some extent repeated social defeat, then low orexin expression is
associated with resilience. However, exposure to intense stressors such as repeated footshock
or swim, stimuli to which habituation does not occur because it is not adaptive, lower orexin
expression seems to be associated with vulnerability. Thus, the physiological significance of
low orexin expression in an individual depends on the environmental demands, both intrinsic
and extrinsic, imposed on that individual. A fuller understanding of the role of orexins in
such individual differences to repeated stress requires repeated assessment of expression of
orexins and their receptors over time. Furthermore, there may be orexin expressing cells
outside of the lateral hypothalamus that are extremely low expressing basally, but which may
increase their expression in case of physiological demand. There are likely orexin-
expressing cells in the periphery that have yet to be fully characterized but would explain the
robust expression of orexin receptors in some peripheral tissues.

Orexin neurons excite many neural systems, and dysfunction of the orexin system may
contribute to stress-related psychiatric disorders. Indeed, dysfunction of the orexin system
has been reported in stress-related illnesses such as Major Depressive Disorder and Anxiety
Disorders. Given the current use of orexin receptor antagonists for treatment of insomnia
(Winrow and Renger, 2014), and the wide ranging effects of orexins, it is important to
delineate specific circuits, behaviors, and phenotypes affected by each orexin receptor in
different contexts of stress. Moreover, recent work has found that orexins are novel
regulators of sex differences in behavioral and neuroendocrine adaptations to repeated stress
and in the cognitive consequences of repeated stress. Thus, orexins could be important in the
etiology of those stress-related psychiatric disorders that present differently in men and
women.
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Fig. 1. Orexin projectionsto stress-relevant brain regions.
This illustration depicts orexin neurons in the lateral hypothalamus (LH) and several stress-

relevant projection sites. The expression of orexin receptors within these brain regions is
also shown. Orexins are known directly innervate the prefrontal cortex (PFC) and
Hippocampus (HIP), and orexin activation during stress underlie cognitive impairments.
Orexin receptors in the Nucleus Accumbens (NA) and Ventral Tegmental Area (VTA)
mediate stress-induced reward seeking. Orexins regulate activity in the hypothalamic
pituitary adrenal (HPA) axis through projections to the paraventricular nucleus of the
hypothalamus (PVN), where neurons expressing Corticotropin Releasing Hormone (CRH)
are located. Further, orexin neurons densely project to the paraventricular nucleus of the
thalamus (PVT), which plays a role in regulating neuroendocrine and behavioral adaptations
to repeated or chronic stress. Orexins mediate behaviors relevant to affect and mood in
humans (depression, anxiety, fear) through actions in the Bed Nucleus of the Stria
Terminalis (BNST) and the Amygdala (AMY). Orexins also have inputs to brain regions
important for arousal, such as the locus coeruleus (LC), which in turn can regulate activity in
the limbic, thalamic and hypothalamic structure that are directly regulated by orexins.
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Phenotypes Relevant to Mental Health Clinical Diagnosis
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Fig. 2. Orexin action in phenotypesrelevant to mental health.
This illustration depicts orexins actions in phenotypes relevant to mental health, as discussed

in the preclinical portion of this review. Activity of orexin cells or orexin signaling is
depicted on the x axis is labeled (increasing from left to right) and the expression of each
behavioral phenotype is depicted on the y axis (increasing from bottom to top). Most
behavioral phenotypes are more pronounced with higher orexin action (eg higher arousal,
appetite, addictive-like behaviors, anxiety-like behaviors, and fear), whereas some
behavioral phenotypes have a curvilinear relationship with orexin action (cognitive function,
depressive-like behavior), and one behavioral phenotype shows a negative relationship with
orexin action (pain). These relationships are all based on evidence from current literature,
but it is possible that further experiments could change the way these relationships are
portrayed. For example, perhaps some of these relationships are not linear, and if tested
when orexins were at much lower or higher levels, would demonstrate curvilinear
relationships. These differing relationships between orexin action and phenotypes relevant to
mental health may be reflective of differential orexin receptor expression/function and/or
brain circuitry involved. All of these phenotypes can be observed in humans and would then
contribute to a clinical diagnosis of stress-related mental illnesses such as Major Depressive
Disorder and Anxiety Disorders.
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