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Abstract

Multiple lines of evidence indicate that hypocretin/orexin (HCRT) participates in the regulation of
arousal and arousal-related process. For example, HCRT axons and receptors are found within a
variety of arousal-related systems. Moreover, when administered centrally, HCRT exerts robust
wake-promoting actions. Finally, a dysregulation of HCRT neurotransmission is associated with the
sleep/arousal disorder, narcolepsy. Combined, these observations suggested that HCRT might be a
key transmitter system in the regulation of waking. Nonetheless, subsequent evidence indicates that
HCRT may not play a prominent role in the initiation of normal waking. Instead HCRT may
participate in a variety of processes such as consolidation of waking and/or coupling metabolic state
with behavioral state. Additionally, substantial evidence suggests a potential involvement of HCRT
in high-arousal conditions, including stress. Thus, HCRT neurotransmission is closely linked to high-
arousal conditions, including stress, and HCRT administrations exerts a variety of stress-like
physiological and behavioral effects that are superimposed on HCRT-induced increases in arousal.
Combined, this evidence suggests the hypothesis that HCRT may participate in behavioral
responding under high-arousal aversive conditions. Importantly, these actions of HCRT may not be
limited to stress. Like stress, appetitive conditions are associated with elevated arousal levels and a
stress-like activation of various physiological systems. These and other observations suggest that
HCRT may, at least in part, exert affectively-neutral actions that are important under high-arousal
conditions associated with elevated motivation and/or need for action.
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1. HCRT AND WAKING

The HCRT neuropeptides, HCRT-1 and HCRT-2, are synthesized solely in the lateral
hypothalamus (LH) and adjacent regions. Despite their limited number and restricted origin,
HCRT neurons extend a vast projection system that innervates virtually the entire the neuraxis.
Of particular relevance for the current review, HCRT-containing fibers and receptors are
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located within multiple brainstem and basal forebrain structures associated with the regulation
of behavioral state (Sakurai et al., 1998; Peyron et al., 1998; Date et al., 1999; Taheri et al.,
1999; Marcusetal., 2001). Moreover, intracerebroventricular (ICV) administration of HCRT-1
and HCRT-2 exert robust wake-promoting and sleep-suppressing actions (Hagan et al.,
1999; Idaetal., 1999; Piper etal., 2000; Espafia et al., 2001; Espafia et al., 2002), effects similar
to those seen with optogenetic stimulation of HCRT neurons (Adamantidis et al., 2007).
Finally, HCRT-induced waking is associated with a variety of behaviors typical of spontaneous
waking including eating, drinking, grooming, and locomotor activity (Hagan et al., 1999;
Espafia et al., 2002).

A key advance in our understanding of the neurobiology of HCRT was the identification a link
between narcolepsy and a dysregulation of HCRT neurotransmission. For example, in mice,
the loss of HCRT or HCRT receptors results in a narcolepsy-like phenotype, including
cataplexy and disrupted sleep/wake patterns (Chemelli et al., 1999; Hara et al., 2001).
Additionally, a genetic defect in the gene for the HCRT receptor, HCRTr2, has been identified
in a longstanding canine model of narcolepsy (Lin et al., 1999). Finally, numerous studies
demonstrate a degenerative loss of HCRT neurons in human narcolepsy (Nishino et al.,
2000; Ripley et al., 2001; Peyron et al., 2000; Thannickal et al., 2000; Crocker et al., 2005).

Combined these observations suggested that HCRT neurotransmission is necessary for the
initiation and maintenance of waking and normal levels of arousal. However, additional
observations suggest that this hypothesis is likely untenable. For example, although HCRT
knockout mice exhibit cataplexy and fragmented sleep and waking, they do not display an
overall reduction in time spent awake or excessive amounts of sleep (Mochizuki et al., 2004).
Thus, at least in mice, the loss of HCRT does not lead to an overall reduction in arousal/waking
per se, and instead results in the fragmentation of sleep and waking. Moreover, in humans,
clinical studies indicate that HCRT loss may be more closely associated with cataplexy rather
than reductions in arousal/waking. For example, 90% of narcoleptics with cataplexy have
virtually undetectable HCRT in the CSF, while approximately 90% of narcoleptics without
cataplexy have only moderately reduced or even normal levels of CSF HCRT (Nishino et al.,
2000; Ripley etal., 2001). Nonetheless, given the variability in severity of cataplexy seen across
patients with undetectable HCRT, the role of HCRT in narcolepsy-related cataplexy is unclear.

In sum, although the central administration of HCRT is sufficient to promote waking, HCRT
does not appear to be necessary for normal levels of waking/arousal. This work and work
reviewed below suggests that, instead, HCRT may participate in the maintenance of normal
sleep-wake patterns, including sleep-consolidation, coupling of metabolic state with behavior,
and/or behavioral/physiological responding under high-arousal conditions.

2. NEUROCIRCUITRY OF HCRT-INDUCED AROUSAL

Locus Coeruleus-Noradrenergic System

Limited studies have examined the neural circuitry associated with the arousal-promoting
actions of HCRT. One system that has received particular interest in this regard is the locus
coeruleus (LC)-noradrenergic system, which exerts robust arousal-promoting actions
(Berridge, 2008). Early observations demonstrated that HCRT fibers innervate the LC and that,
in vitro and in vivo, HCRT activates LC neurons (Peyron et al., 1998; Hagan et al., 1999;
Horvath et al., 1999; Ivanov and Aston-Jones, 2000; Bourgin et al., 2000; Espafa et al.,
2003). Moreover, when infused into the LC region of the brainstem, HCRT increases time
spent awake (Bourgin etal., 2000). Combined, these observations suggest a likely involvement
of the LC-noradrenergic system in the wake-promoting actions of HCRT.

Brain Res. Author manuscript; available in PMC 2011 February 16.
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Basal Forebrain

Despite the above-described observations regarding excitatory actions of HCRT on LC
neurons, when infused into the fourth ventricle immediately adjacent to the LC HCRT produces
weaker and longer latency wake-promoting actions relative to HCRT infusion into the lateral
ventricles (Espafa et al., 2001). This suggests that HCRT-induced waking may involve actions
atsites anteriortothe LC. Indeed, HCRT fibers and receptors are located within several arousal-
related basal forebrain structures (for review, Sutcliffe and de Lecea, 2002). These include the
general region of the medial septal area (MSA), the general region of the medial preoptic area
(MPOQOA), and the substantia innominata (SI; Hobson et al., 1975; Buzsaki et al., 1988; Berridge
and Foote, 1996; Berridge and O’Neill, 2001). Moreover, when infused directly into the MSA,
MPOA or SI, but not immediately outside these regions, HCRT produces dose-dependent
increases in time spent awake and decreases in slow-wave and REM sleep (Espafia et al.,
2001; Thakkar et al., 2001). Across these three regions, the largest increases in waking are
observed following infusions within the MPOA (see Figure 1C).

Additional Brain Regions

HCRT neurons project to numerous arousal-related structures beyond the LC and basal
forebrain structures described above. These include dopaminergic, serotonergic, and
histaminergic nuclei. Where examined, HCRT appears to exert excitatory actions on these cell
populations (Bayer et al., 2001; Eriksson et al., 2001; Brown et al., 2002; Korotkova et al.,
2003). Combined, these observations indicate that the wake-promoting actions of HCRT
involve actions of the peptide(s) within multiple terminal fields.

Anatomical Organization of HCRT Neurons Projecting to the LC and Basal Forebrain

Retrograde tracing studies demonstrate that across the LC, MSA, MPOA and SI, HCRT
projections to basal forebrain regions are largely ipsilateral (80%), whereas projections to the
brainstem nucleus, LC, are more bilateral in nature (65%; Espafia et al., 2005). In general, basal
forebrain-projecting HCRT neurons are only weakly topographically organized, with a slight
preference for these neurons to be located within the medial half of the HCRT neuronal field
(55%-60%, depending on region). A somewhat larger proportion of LC-projecting HCRT
neurons were located within the dorsal half of the HCRT field (65%). Importantly, a sizeable
proportion of HCRT neurons appear to project simultaneously to multiple basal forebrain
(MSA, MPOA, SI) and brainstem (i.e. LC) terminal fields, suggesting coordinated/concerted
actions of HCRT across multiple anatomically-distinct, yet functionally-related regions (for
details, see Espafia et al., 2005).

3. ACTIVITY PATTERNS OF HCRT NEURONS

An important clue into the behavioral functions of a neurotransmitter system is the activity
profile of that system. Microdialysis, c-fos expression and electrophysiological measures of
HCRT neuronal activity provide strikingly similar observations: HCRT neurons are relatively
quiescent during both sleep and quiet waking and display increased activity rates under
conditions associated with higher arousal levels. For example, only low levels of the protein
product of the c-fos gene, Fos, were observed in HCRT-synthesizing neurons in rats that were
spontaneously awake either diurnally or nocturnally (Figure 2; Espafia et al., 2003;Estabrooke
etal., 2001). Nocturnal waking was associated with modestly higher Fos levels than seen with
diurnal waking. A similar pattern of Fos expression was observed for neurons expressing the
HCRTT1 receptor within basal forebrain regions (MS, MPOA, SI) and the LC (Figure 2;Espafia
et al., 2003). Moreover, the relatively small amount of Fos observed in HCRT-synthesizing
neurons nocturnally was more strongly correlated with locomotor activity than with time spent
awake (Espafia et al., 2003). This is of interest, given the above-described relationship between
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HCRT dysfunction and cataplexy and other observations suggesting a link between HCRT
neuronal transmission and motor activity (Torterolo et al., 2003).

Importantly, electrophysiological recordings of HCRT neurons demonstrate similar state-
dependent fluctuations in HCRT neuronal activity (Mileykovskiy et al., 2005; Lee et al.,
2005). Thus, HCRT neurons were observed to evince low discharge rates during both REM
and slow-wave sleep. Moreover, HCRT neuronal discharge was not substantially elevated
during quiet waking. In contrast, elevated discharge rates of HCRT neurons were associated
with alert, active waking associated with motor activity. Despite this general relationship
between HCRT neuronal discharge and motor activity, movement does not account entirely
for the variance in HCRT neuronal activity. For example, increased HCRT neuronal discharge
activity is observed in the absence of motor activity under conditions of elevated arousal and/
or alertness elicited by an auditory stimulus (Mileykovskiy et al., 2005). Conversely, HCRT
neurons display lower discharge rates (though still elevated relative to sleep and quiet waking)
during periods of grooming and eating, behaviors associated with substantial muscle activity
(Mileykovskiy et al., 2005). Finally, despite the wake-promoting actions of HCRT,
presentation of a novel food, which was initially associated with aversion followed by active
exploration/movement indicative of a higher arousal state, was nonetheless associated with a
profound suppression of HCRT neuronal discharge rate (Mileykovskiy et al., 2005).

Finally, microdialysis studies indicate that extracellular levels of HCRT display a circadian
rhythm, increasing slowly over the active period and extending into the inactive period
(Yoshida et al., 2001; Deboer et al., 2004; Zeitzer et al., 2003). The circadian fluctuations in
HCRT release into the ventricles is abolished by lesions of the suprachiasmatic nucleus, a key
circadian nucleus (Deboer et al., 2004). Based on these observations, it has been suggested that
HCRT participates in the maintenance of sustained/consolidated waking. Short-term
fluctuations in HCRT neuronal discharge linked to environmental events as described above
(Mileykovskiy et al., 2005) are presumably superimposed on circadian-dependent fluctuations
in HCRT neuronal discharge/HCRT efflux.

Combined, these observations suggest a somewhat complex relationship between HCRT
neurotransmission and arousal. Importantly, these observations provide strong evidence that
HCRT is not tightly linked to waking per se.

4. CIRCADIAN-INDEPENDENT ACTIONS OF HCRT

Where examined, the behavioral actions of exogenously administered HCRT appear largely
circadian-independent. Thus, ICV HCRT-1 administration in rats elicits comparable time spent
awake when administered diurnally (sleep-period) vs. nocturnally (activity-period; Espafia et
al., 2002). Of course, the magnitude of the HCRT-induced shift from baseline waking is larger
diurnally, given these animals display lower levels of waking during the day. Nonetheless, the
amount of time spent awake following HCRT administration is similar for diurnal vs. nocturnal
infusions. Similarly, diurnal vs. nocturnal administration of HCRT-1 produces comparable
increases in time spent grooming, chewing of inedible material (e.g., bedding) and locomotor
activity, as measured by quadrant entries and rears (Espafia et al., 2002). It is important to note
that the circadian-independent effects observed in these studies do not suggest that endogenous
HCRT does not act in a circadian dependent manner. As reviewed above, ventricular levels of
HCRT fluctuate in a circadian dependent fashion. Thus, HCRT may release/action may
fluctuate across the circadian cycle, even if the behavioral actions of HCRT receptor
stimulation are not circadian dependent.

In contrast, although diurnally-administered HCRT increases feeding and drinking in rats,
when administered nocturnally, HCRT-1 has only minimal effects on eating and drinking
(Espafia et al., 2002). This largely reflects the fact that, in the early stages of the dark-phase
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(the first 90-minutes), vehicle-treated rats spend the majority of time awake and eat the majority
of food that will be consumed during the entire dark-phase (Espafia et al., 2002). Moreover,
when multiple regression analyses were used to factor in variance in time spent awake, HCRT
was observed to have minimal and statistically non-significant effects on feeding (Espafia et
al., 2002).

These observations indicate that under conditions associated with adequate access to food and
minimal stress/disruption, exogenous administration of HCRT does not have potent effects on
feeding. However, though outside the scope of this review, additional evidence indicates that
HCRT neurons are sensitive to metabolic signals and that this sensitivity may translate into
alterations in behavioral state under certain metabolic conditions. For example, HCRT knock-
out mice do not display an increase in waking typically seen under fasting conditions
(Yamanaka et al., 2003). These and other observations suggest that HCRT neurons may serve
to couple metabolism with behavioral state, promoting appropriate behavior (e.g. food seeking)
under varying metabolic conditions (e.g. food deprivation; for review, Teske et al., 2008;
Adamantidis and de Lecea, 2009).

5. HCRT AND STRESS

Introduction to Stress

The concept of stress as a behavioral state elicited by challenging or threatening events arises
from nearly a century of research, starting with the seminal work of Cannon (1914) and Selye
(1946). In these early studies, disparate environmental events, that had in common the potential
to disrupt homeostasis and threaten an animal’s well-being were observed to affect similarly
various physiological systems. Initially, emphasis was placed primarily on stressor-induced
activation of peripheral endocrine systems, particularly catecholamine systems
(norepinephrine and epinephrine) and the hypothalamo-pituitary-adrenal (HPA) axis.
Activation of the HPA axis involves increased release of corticotropin-releasing factor (CRF)
from the paraventricular nucleus of the hypothalamus (PVN), stimulating adrenocorticotropin
hormone (ACTH) secretion from the pituitary, which subsequently increases secretion of
adrenal corticosteroids (corticosterone/cortisol). It was proposed that the activation of these
systems results in an enhanced ability of the animal to physically contend with challenging
situations (Cannon, 1914; Selye, 1946).

Later work began to examine the central mechanisms involved in stress-related behavior. It
should be noted that the precise affective and cognitive components of stress remain unclear.
However, a key aspect of stress is a heightened level of arousal and readiness for action. Indeed,
sustained arousal may be a defining feature of stress. Importantly, elevated arousal does not
necessarily involve increased motor activation (e.g. fear-induced freezing). Instead, stress-
related elevations in arousal reflect activation of physiological systems that better prepare the
animal for challenges. Superimposed on stress-related increases in arousal are alterations in a
variety of state-dependent processes, including attention, memory, and sensory information
processing (Arnsten et al., 1985; Berridge and Dunn, 1989; Arnsten, 1999). Although stress
may also be associated with changes in affective state (i.e. negative affect), it is important to
note that both positive and aversive conditions are associated with an activation of peripheral
and central “stress’ systems (see below for further discussion). Thus, stress likely involves
alterations in a variety of physiological and behavioral systems that are independent of affect.

A number of central neurotransmitter systems have been implicated in stress including,
catecholamines and CRF. More recent work, reviewed below, suggests a potential involvement
of HCRT in stress-related behavior and physiology.

Brain Res. Author manuscript; available in PMC 2011 February 16.
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Effects of Stress on c-fos Expression in HCRT-Synthesizing and HCRT-Receptive Neurons

The above-described observations suggest that HCRT systems may be activated under high-
arousal conditions, including those associated with stress. Consistent with this, exposure of
rats to a stressful, brightly-lit novel environment (novelty-stress; Hennessy and Foy, 1987;
Berridge et al., 1999) results in an activation of HCRT-synthesizing neurons as well as
HCRTr1-expressing neurons located within the MSA, MPOA, Sl and LC (as measured by Fos
immunoreactivity; Figure 2; Espafia et al., 2003). This stress-related activation of HCRT
neurons has been observed with a variety of stressors including, cold exposure, food
deprivation, foot-shock, and immobilization stress (Sakurai et al., 1999; Ida et al., 2000; Zhu
et al., 2002). Interestingly, although foot-shock increases Fos levels within HCRT neurons, a
conditioned stimulus that predicted the foot-shock, a stressor itself, did not alter Fos levels
within these neurons (Zhu et al., 2002). Together, these observations indicate that multiple
stressors, but perhaps not all, activate HCRT neurons.

Stress-Like Behavioral and Physiological Actions of HCRT

Across multiple species, stress is associated with a variety of behavioral responses, including
chewing or gnawing of inedible material, grooming, and fighting (Mason, 1968; Antelman et
al., 1975; Dunn et al., 1981; Hennessy and Foy, 1987; Tsuda et al., 1988; Koob et al., 1988;
Berridge and Dunn, 1989). Many of these behaviors serve to attenuate stressor-induced
activation of a variety of central and peripheral physiological systems (i.e. coping/displacement
behaviors). Interestingly, ICV and basal forebrain administration of HCRT elicits a majority
of these behaviors, including grooming (Ida et al., 2000), chewing of inedible material (Espafia
et al., 2003), and locomotor activity (Espafia et al., 2001; Espafia et al., 2002; Martins et al.,
2004). Moreover, HCRT knock-out mice display a reduced defensive response in the resident-
intruder test (Kayaba et al., 2003).

Additionally, HCRT produces a variety of stress-like physiological actions. For example, in
vitro, HCRT activates sympathetic preganglionic neurons (van den Pol etal., 2003) and neurons
in the nucleus of the solitary tract, a primary brainstem autonomic nucleus (Smith et al.,
2002a). Moreover, in vivo, HCRT infusion into the nucleus of the solitary tract increases blood
pressure (Smith et al., 2002b) while HCRT knock-out mice display decreased cardiovascular
and behavioral responses to stress as well as decreased basal arterial pressure (Kayaba et al.,
2003). These observations are consistent with other observations demonstrating HCRT
administration promotes a variety of autonomic responses associated with stress, including
elevation of mean arterial blood pressure, heart rate, oxygen consumption and body
temperature (Lubkin and Stricker-Krongrad, 1998; Samson et al., 1999; Shirasaka et al.,
1999; Yoshimichi et al., 2001).

Combined, these observations indicate that HCRT may serve as an important modulator of
autonomic and cardiovascular responding in stress (Kayaba et al., 2003). This hypothesis is
consistent with results from additional studies demonstrating that HCRT activates CRF-
containing neurons, resulting in an activation of the HPA axis (Jaszberenyi et al., 2000; Kuru
et al., 2000), while an HCRT antagonist attenuates stressor induced increases in ACTH
secretion (Samson et al., 2007). A role of HCRT in stress likely involves widespread actions
of HCRT as moderate doses of HCRT produced a stress-like increase in c-fos expression within
HCRT-receptive neurons (neurons expressing the HCRTr1 receptor) throughout the brain,
including within the LC, MSA, MPOA, and SI (Figure 2; Espafia et al., 2003).

Combined, these observations suggest that not only are HCRT neurons active in stress, but that
HCRT simultaneously activates a variety of stress-related neural circuits. As such, HCRT may
serve to coordinate physiological and behavioral responding in stress.

Brain Res. Author manuscript; available in PMC 2011 February 16.
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HCRT-Catecholamine Interactions and Stress

Substantial evidence suggests that catecholamine systems participate in stress-related
alterations in arousal state and state-dependent behavioral processes (Berridge and
Waterhouse, 2003; Dunn, 1988). For example, stress is associated with increased release of
norepinephrine (NE) and dopamine (DA) in a variety of terminal fields, particularly regions
implicated in higher cognitive and affective function (e.g. prefrontal cortex, amygdala; Thierry
et al., 1976; Stone, 1978; luvone and Dunn, 1986; Dunn, 1988; Berridge et al., 1999).
Moreover, NE and DA exert-arousal-enhancing actions and contribute to stress-related
alterations in behavior/cognition (Robbins, 1984; Berridge and Dunn, 1989; Arnsten, 2000;
Berridge and Waterhouse, 2003; Berridge, 2008). Combined, these observations suggest a
prominent role of NE and DA in stress-related alterations in behavioral state and state-
dependent behavior.

Previous studies indicate that HCRT produces a stress-like activation of catecholamine
neurons. For example, as described above, HCRT activates LC neurons, similar to that seen in
stress (Hagan et al., 1999; Horvath et al., 1999; Ivanov and Aston-Jones, 2000; Bourgin et al.,
2000; Kiyashchenko et al., 2001). Moreover, when administered either into the lateral
ventricles or directly into the ventral tegmental area (VTA), HCRT elicits an activation of DA
systems in a stress-like pattern, with increases in DA release observed within the prefrontal
cortex and the nucleus accumbens shell, but not the nucleus accumbens core (Narita et al.,
2006; Vittoz and Berridge, 2006). This pattern of a differential sensitivity of prefrontal DA vs.
accumbens core DA is similar to that seen in stress (Dunn, 1988; Berridge et al., 1999).

Recent observations suggest that the differential actions of HCRT on DA efflux across DA
terminal fields involve, at least in part, the differential activation of a subpopulation of VTA
DA neurons. Specifically, HCRT-induced activation of VTA DA neurons, as measured by Fos-
immunoreactivity, is primarily restricted to a population of small-to-medium-sized, but not
large, DA neurons located within the caudomedial VTA (Vittoz et al., 2008). Furthermore,
within this region of the VTA, the excitatory actions of HCRT were restricted to DA neurons
projecting to the prefrontal cortex and shell accumbens and not DA neurons projecting to the
core accumbens (Vittoz et al., 2008). Combined, this evidence suggests that the excitatory
actions of HCRT on DA neurotransmission are restricted to a subpopulation of DA neurons
that project to cortical/limbic structures implicated in stress-related alterations in behavior.

Activating Actions of HCRT on CRF Neurotransmission

The neuropeptide, CRF, plays a prominent role in coordinating the constellation of behavioral
and physiological responses observed in stress (Koob and Bloom, 1985; Dunn and Berridge,
1990). The activation of CRF neurons located within the PVN, leading to increases in
circulating glucocorticoids (via actions of ACTH), is considered a defining feature of stress.
Moreover, actions of CRF neurons outside the PN, including the amygdala, are strongly
implicated in behavioral responding in stress (Dunn and Berridge, 1990). Given this, it is of
interest that HCRT fibers are located within close proximity of CRF neurons within both the
PVN as well as the amygdala. Moreover, in vitro, HCRT activates PVN neurons (Shirasaka et
al., 2001; Samson et al., 2002) and, in vivo, ICV HCRT increases plasma levels of
corticosterone and ACTH (Malendowicz et al., 1999; Ida et al., 2000; Kuru et al., 2000;
Jaszberényi et al., 2000; Nowak et al., 2000; Al Barazanji et al., 2001; Samson et al., 2002).
Together, these observations indicate that HCRT efferents exert excitatory actions on CRF
PVN neurons. It remains to be determined whether HCRT modulates activity of
extrahypothalamic CRF neurons.

Similar to HCRT, central administration of CRF and ACTH elicit a variety of behavioral
responses observed in stress, including locomotion, grooming and chewing of inedible objects

Brain Res. Author manuscript; available in PMC 2011 February 16.
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(Gispen and Isaacson, 1981; Dunn et al., 1987). Combined, these observations suggest a
possible interaction between HCRT and CRF in the regulation of stress-related behaviors.
Consistent with this, pretreatment with a CRF antagonist (alpha-helical CRFg.41), reduced
HCRT-induced grooming, face washing, and locomotor activation in rats (lda et al., 2000).
Moreover, in recently completed studies, we observed a dose-dependent decrease in HCRT-
induced waking by ICV pretreatment with a CRF antagonist (alpha-helical CRF,.41; Espafia
and Berridge, unpublished observations). This effect of the CRF antagonist was most
prominent at higher doses of HCRT (i.e. 0.7 nmol but not 0.07 nmol) that produce large
increases in waking and a widespread, stress-like neuronal activation (Figure 3; Espafia et al.,
2003; Berridge and Espafia, 2005). Thus, CRF may participate in HCRT-induced arousal
particularly under high-arousal, stress-like conditions.

Summary: HCRT and Stress

The above-described observations indicate an activation of HCRT neurons and HCRT
receptor-expressing neurons in stress. Additional observations suggest a variety of stress-like
actions of HCRT, including intense and widespread neuronal activation (as measured by Fos),
elevated arousal levels, the induction of stress-like behavior, and an activation of stress-related
neural systems, including NE, DA and CRF systems. It should be noted that excitatory actions
of HCRT are observed in a variety of stress-related structures outside the LC and VTA,
including the PVN, the bed nucleus of the stria terminalis and the central nucleus of the
amygdala (Date et al., 1999; Kuru et al., 2000; Al Barazanji et al., 2001; Espafia et al., 2003;
Sakamoto et al., 2004). These observations suggest a likely role of HCRT in behavioral and
physiological responding in stress. These observations may further suggest a potential
involvement of HCRT in stress-related psychopathology, such as post-traumatic stress disorder
and major depression.

6. HCRT AND APPETITIVE HIGH-AROUSAL STATES

Differential Sensitivity of HCRT Neurons to Rewards and Stress

The above-described observations suggest a potential involvement of HCRT in stress.
However, the LH has long-been implicated in appetitive processes (for review see, Bernardis
and Bellinger, 1996; EImquist et al., 1999). Moreover, recent observations indicate that HCRT
neurons are activated by conditioned rewards as measured in the conditioned place-preference
test (Harris et al., 2005; Harris et al., 2007). Interestingly, this work suggests that different
populations of HCRT neurons may participate in arousal/stress-related vs. appetitive/reward-
seeking behavior. For example, HCRT neurons located within the LH proper were activated
in animals that had developed a conditioned place-preference for food, morphine, or cocaine,
while animals that had not developed a preference did not show an activation of HCRT neurons
(Harris et al., 2005). An activation of HCRT neurons to conditioned-rewards was not observed
in HCRT neurons located within the perifornical area/dorsomedial hypothalamus (Harris et
al., 2005). In contrast, HCRT neurons in these latter regions displayed a sensitivity to footshock
not seen in HCRT neurons located within the LH proper (Harris et al., 2005; Harris and Aston-
Jones, 2006; Harris et al., 2007). These observations are consistent with differences in HCRT
patterns of neuronal activation (perifornical/dorsomedial hypothalamus vs. LH) in response to
diurnal variations in arousal and administration of anti-psychotic drugs (Estabrooke et al.,
2001; Fadel et al., 2002). Combined, this evidence suggests a potential functional topography
of HCRT neurons, with dorsomedial/perifornical HCRT neurons related to arousal (including
stress) and LH HCRT neurons related to appetitive/reward-seeking behavior (Harris and Aston-
Jones, 2006).

However, itis important to note that not all rewards/reinforcers elicit an activation of LH HCRT
neurons. For example, conditioned place-preference produced by introduction of a novel object
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was not associated with a selective activation of LH HCRT neurons (Harris et al., 2005).
Further, not all aversive conditions are associated with a topographically-defined activation of
a subset of HCRT neurons. For example, in our previous studies we did not observe a
differential activation of HCRT neurons across medial vs. lateral aspects of the HCRT neuronal
field in animals exposed to a stressful brightly lit novel environment (Berridge et al., 1999;
Espafia et al., 2003). Specifically, novelty-stress activated 23% + 6% of HCRT neurons in the
medial aspects of the HCRT field (corresponding to the dorsomedial hypothalamus) and 22%
+ 5% HCRT neurons in the lateral aspect of this field (corresponding to the LH), as measured
by Fos immunoreactivity (Espafia et al., 2003). The number of Fos-positive HCRT neurons
observed in these latter studies was smaller than that observed with both rewards and footshock
(Harris et al., 2005). However, in the novelty-stress studies non-stressed controls displayed
minimal Fos HCRT neurons (Espafia et al., 2003), in contrast to that reported elsewhere
(Estabrooke etal., 2001; Harris et al., 2005). Lower cell counts in the novelty-stress study could
reflect differences in basal arousal and/or stress levels across laboratories. In our novelty-stress
studies, we took great effort to ensure low baseline arousal/stress levels in our animals. Thus,
differences in the pattern or intensity of HCRT neuronal activation observed across studies
with different stressors may involve differences between stressors and/or differences in
baseline arousal levels.

To summarize, although HCRT neurons display a topographic organization in terms of
sensitivity to some environmental conditions, this does not appear to extend to all conditions.
Future research will need to more fully identify conditions associated with a topographically-
restricted vs. widespread activation of HCRT neurons.

Is HCRT Rewarding?

The above-reviewed observations suggest reward-related actions of HCRT neurons. However,
it is important to note that conditioned drug seeking reflects a complex interaction between
reward-, motivation- and learning-related processes, many of which display a sensitivity to
arousal (Yerkes and Dodson, 1908). Elevated arousal occurs under both appetitive and aversive
conditions. Moreover, evidence indicates an activation of prototypical ‘stress’ systems under
both aversive and appetitive conditions (e.g. HPA, central catecholamines; for review see,
Marinelli and Piazza, 2002). Indeed, this provided the rationale for positing two forms of stress:
one associated with aversive conditions (distress) and one associated with positive conditions
(eustress; Selye, 1975). This suggests the working hypothesis that at least a subset of
physiological indices of aversive (stress) and appetitive conditions may be independent of
affective valence (pleasant vs. unpleasant) and more closely aligned with affectively-neutral
processes such as arousal, motivation, learning and/or motor activation.

Inthisregard, itis of interest that stress is well-documented to reinstate previously extinguished
drug-seeking behavior in both animals and humans (Stewart, 2000). Consistent with the above-
described stress-like actions of HCRT, ICV and intra-VTA HCRT administration produces a
stress-like reinstatement of drug-seeking behavior (self-administration and conditioned-place
preference; Boutrel et al., 2005; Harris et al., 2005; Boutrel and de Lecea, 2008). In contrast,
treatment with an HCRT R1 antagonist, SB-334867, prevents stressor-induced reinstatement
of cocaine-seeking behavior (Boutrel et al., 2005). These observations suggest that HCRT
participates in stressor-induced reinstatement of drug-seeking behavior.

The ability of HCRT to reinstate drug-seeking behavior is similar to that observed with NE
(see above; Leri et al., 2002; Weinshenker and Schroeder, 2007), a stress-related transmitter
that also exerts potent arousal-promoting actions (Berridge, 2008). Moreover, HCRT-induced
reinstatement of cocaine-seeking behavior is attenuated by pharmacological inhibition of NE
neurotransmission (Boutrel et al., 2005). Combined, these observations indicate an interaction
between HCRT and NE in the reinstatement of drug-seeking behavior.
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In contrast to the facilitatory actions of HCRT on reinstatement of reward-seeking behavior,
ICV HCRT increases intracranial self-stimulation thresholds, suggesting a potential
inhibitory action on reward-related systems (Boutrel et al., 2005). This argues rather strongly
that when administered ICV, HCRT does not induce reward per se. This conclusion is
consistent with recent observations indicating that ICV HCRT did not produce a conditioned
place-preference (or conditioned place-aversion; Vittoz, Schmeichel, Berridge, unpublished
observations). In contrast, when infused into the VTA, HCRT did produce a conditioned place-
preference (Narita et al., 2007). Whether this latter observation reflects reward-related or
memory/attention-related actions of HCRT remains unclear. It will be important for future
studies to examine the effects of intra-VTA HCRT infusion on a more direct measure of reward,
such as self-stimulation thresholds. Finally, the blockade of HCRT neurotransmission within
the insula was observed to reduce nicotine self-administration (Hollander et al., 2008).
However, it is important to note that a neurotransmitter system may play a critical role in drug-
seeking behavior that is independent of reward per se (see Berridge and Robinson, 1998).

In sum, a complicated set of reward-related actions of HCRT has been observed. To date, it is
not possible to synthesize these apparently discrepant observations into a unitary hypothesis
regarding reward-related functions of HCRT. Nonetheless, these observations suggest that,
globally, HCRT may not exert strongly rewarding effects. Instead HCRT may elicit affectively-
neutral (i.e. reward-independent) alterations in arousal-, learning- and/or motivation-related
circuits that are necessary for motivated behavior and/or learning about reward availability.
Such an action is similar to that described for dopamine (Berridge and Robinson, 1998).
Importantly, affectively neutral actions of HCRT are likely to be behaviorally significant under
both appetitive and aversive conditions. Alternatively, HCRT may serve multiple reward-
related and reward-independent functions that are linked to differing terminal fields. Clearly,
delineating the reward-related actions of HCRT is an important area for future research.

7. SUMMARY

Substantial evidence indicates potent arousal-enhancing actions of HCRT. Additional
observations suggest that HCRT neurons are activated under aversive, stress-like conditions
associated with elevated arousal levels and that HCRT exerts a variety of stress-like behavioral
and physiological actions. These observations suggest a potential role of HCRT in stress and,
potentially, stress-related psychopathology. Importantly, many of the behavioral and
physiological actions of HCRT appear to be affectively-neutral, while having an important
impact on arousal and arousal-sensitive behavioral processes. Such actions could serve
important functions in permitting the organism to better contend with challenging, stress-like
conditions. Affect-independent behavioral actions of HCRT could also play an important role
in behavioral responding in appetitive conditions. Indeed, many of the physiological effects of
HCRT are associated with both appetitive and aversive conditions. Thus, HCRT may, in part,
serve to modulate cognitive, motivational, motor and physiological systems under both
appetitive and aversive conditions that have in common elevated arousal and a need for action.
Of course, such a hypothesis does not preclude affect-related actions of HCRT. Nonetheless,
evidence collected to date suggests that affect-independent actions of HCRT are likely
behaviorally- and physiologically-important under varying conditions associated with elevated
arousal.

Abbreviations

ACTH adrenocorticotropin hormone
CRF corticotropin-releasing factor
DA dopamine
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HCRT hypocretin/orexin

HPA hypothalamo-pituitary-adrenal

ICV intracerebroventricular

LC locus coeruleus

LH lateral hypothalamus

MSA medial septal area

MPOA medial preoptic area

NE norepinephrine

PVN paraventricular nucleus of the hypothalamus

substantia innominata

VTA ventral tegmental area.
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Wake-promoting effects of HCRT-1 infused into the lateral ventricle (Lv; Panel A), the fourth
ventricle (IVv; Panel B) and the medial preoptic area (MPOA,; Panel C). Symbols represent
mean (x SEM) time (sec) spent awake per 30-min epoch. PRE1 and PRE2 represent pre-
infusion epochs and POST1-POST3 represent post-infusion epochs. In all panels, vehicle-
treated animals spent the majority of the testing period asleep. Panel A: HCRT-1 produces
dose-dependent increases in waking, with significant increases observed at 0.07 and 0.7 nmol.
Panel B: 0.07 nmol infusion of HCRT-1 produces a smaller magnitude in waking when infused
into the fourth ventricle as compared to infusion into the lateral ventricle. Additionally, HCRT-
induced waking following infusions into the fourth ventricle occurred with a longer latency
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than that observed following lateral ventricle infusions. Thus, latency to waking following
fourth ventricular infusion of HCRT was 320 + 40 sec from start of 120-sec infusion (Range
= 216-416 sec) while the latency to waking following infusions into the lateral ventricle was
191 * 48 sec from the start of the infusion (Range = 123-375 sec). Panel C: When infused
bilaterally into the MPOA (250 nl/hemisphere), HCRT-1 produced a robust increase in waking
similar to that seen with ICV infusions. Qualitatively similar effects were observed with
HCRT-1 infusions into the medial septal area and substantia innominata. For all panels *P<0.01
significantly different from vehicle-treated animals. Modified from (Espafia et al., 2001).
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Figure 2.

Effects of varying behavioral state/environmental conditions on the percentage of Fos-
immunoreactive (ir) nuclei within hypocretin-synthesizing neurons (prepro-HCRT-ir) and
hypocretin-1 receptor-expressing neurons (HCRTr1-ir). Shown are percentage Fos-positive
HCRT neurons from diurnal sleeping (SLP), diurnal spontaneous waking (DSW), nocturnal
spontaneous waking (NSW) and novelty-stress (STR) conditions. Neither diurnal sleeping nor
diurnal spontaneous waking was associated with an increase in the percentage of Fos-ir within
prepro-HCRT-ir neurons in LH. Nocturnal spontaneous waking was associated with a slight,
yetsignificant, increase in the percentage of Fos-ir within prepro-HCRT-ir neurons. In contrast,
novelty-stress produced a significantly higher percentage of Fos-ir within prepro-HCRT-ir
relative to diurnal sleeping, diurnal spontaneous waking and nocturnal spontaneous waking.
Within HCRTr1-ir neurons, only novelty-stress was associated with increased levels of Fos-
ir. *P < 0.05; **P < 0.01 significantly different from diurnal sleeping. **P < 0.01 significantly
different from group indicated by brackets. Modified from (Espafia et al., 2003).
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Figure 3.

Effects of pretreatment with the CRF antagonist, alpha-helical CRFq5_41, on HCRT-induced
waking. Shown are the effects of vehicle pretreatment followed by a vehicle infusion (V + V),
vehicle pretreatment followed by a 0.7 nmol HCRT infusion (V + 0.7), 1.5 nmol alpha-helical
CRF pretreatment followed by a 0.7 nmol HCRT infusion (1.5 + 0.7) and 15.0 nmol alpha-
helical CRF pretreatment followed by a 0.7 nmol HCRT infusion (15.0 + 0.7). All infusions
were ICV (2 pl volume over 2-minutes). HCRT-1 preceded by vehicle pretreatment,
significantly increased waking relative to vehicle-vehicle treatment (V+0.7 vs V+V).
Pretreatment with alpha-helical CRF, resulted in a dose-dependent attenuation of HCRT-
induced waking. *P<0.05; **P<0.01 significantly different from V + V; *P <0.01 significantly
different from V + 0.7. (Espafia and Berridge, unpublished observations).
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