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ABSTRACT

The midline thalamic paraventricular nucleus (PVT) receives a unique orexinergic
innervation. To address possible function, this investigation used patch clamp recordings
in rat brain slice preparations to evaluate intrinsic properties of PVT neurons and
neuronal responses to bath-applied orexin peptides (A and/or B). PVT neurons displayed
distinct state-dependent burst or tonic firing patterns, time dependent and time-
independent inward rectification, T-type currents and low threshold spikes, action
potential after-hyperpolarizations, spike frequency adaptation and spike broadening. A
majority responded to both orexin peptides with slowly rising and prolonged membrane
depolarizations, and inward currents that involved closure of potassium channels and/or
opening of nonselective cationic channels. These data imply that endogenously released
orexins likely act at both types of orexin receptors that can engage two conductances to
modulate and increase neuronal excitability in PVT, a role that may be important for

‘arousal’ and neurotransmission within this midline thalamic nucleus.
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CHAPTER 1

INTRODUCTION

1.1 Preface-overview

Levels of awareness and sleep have long been known to involve interactions
between the cortex and the thalamus (reviewed in McCormick and Bal, 1997). Important
in this regard are both the “specific” thalamic relay nuclei and thalamic reticular nucleus,
with additional contributions from the so called “non-specific” midline and intralaminar
thalamic nuclei (Groenewegen and Berendse, 1994; Jones, 2001; Steriade et al., 1993).
Many in-vivo and in-vitro investigations have focused on thalamocortical neurons in the
specific sensory relay nuclei and their interactions with reticular nucleus neurons. The
midline and intralaminar thalamocortical neurons project to the prefrontal cortex,
especially the anterior cingulate gyrus (Berendse and Groenewegen, 1991; Marini et al.,
1996) to promote activity that correlates with levels of arousal (Hofle et al., 1997; Paus et
al., 1998; Yamasaki et al., 2002). While the established property of thalamocortical
neurons during quiet sleep is the appearance of bursting activity patterns, intralaminar
neurons are unique by virtue of rhythmic activity and bursting during wakefulness
(Steriade et al., 1993).

One of these midline cells groups that is relatively unexplored is the thalamic
paraventricular nucleus (PVT), a cell group that receives a prominent innervation from
recently discovered lateral hypothalamic “orexinergic” neurons, cells that are critical for
sustaining arousal (see below). The research described in this thesis is an initial

description of the membrane properties of PVT neurons recorded in a rat brain slice



preparation and how these neurons respond to exogenous applications of orexin (see
Fig.1.1).
1.2 Hypothesis and Objectives

The interactions between the cortex and the thalamus are considered important
determinates for levels of arousal and sleep (reviewed in McCormick and Bal, 1997).
Neurotransmitters from the brainstem activating systems acting on thalamocortical
neurons can induce membrane potential changes that result in state-dependent firing
patterns (bursting, tonic), activity subtending both sensory transmission and cortical
activation during arousal (Steriade and Llinas, 1988; McCormick and Bal, 1997; Steriade
et al., 1997; Jones, 2000). It is particularly interesting to note that the newly discovered
lateral hypothalamic orexinergic neurons, regarded as functionally important for
maintaining arousal, do not project to specific thalamocortical relay nuclei but rather to
select midline and intralaminar thalamic nuclei, the so called “nonspecific
thalamocortical relay system”, with a dense projection to PVT where in situ hybridization
data reveal the presence of mRNA for both orexin receptors (Marcus, 2001). Considering
that orexins are reported to excite neurons in other locations where there are orexin fibers
and receptors, this research was undertaken to test the hypotheses that: a) orexin A and B
will both excite (depolarize) PVT neurons; b) orexin-induced activity will alter intrinsic
properties of PVT neurons and affect firing patterns. The objectives of this research are, first,
to characterize the intrinsic electrophysiological properties of PVT neurons and, second,
to assess the effects and mechanisms of activation of orexin receptors on PVT cell

excitability.



1.3 The midline thalamic paraventricular nucleus (PVT)

The midline group of thalamic nuclei is relatively poorly represented in higher
mammals and in man. In a considerable percentage of human brains there is no massa
intermedia connecting the two halves of the dorsal thalamus (Sheps, 1945). By contrast,
in subprimates and lower vertebrate brains, including rodents, a well developed system of
gray matter links the dorsal thalamus. Part of this gray matter is a discrete group of
neurons that form the thalamic paraventricular nucleus (PVT), a midline structure that
extends the length of the thalamus along its dorsal border below the third ventricle.
Rostrally, PVT follows the surface of the massa intermedia, curving ventrally to form a
wedge between the anterior poles of the nucleus reuniens. At caudal levels, it ends ventral
to the habenula. PVT originates from a pronuclear mass that also gives rise to the pineal
and habenular nuclei; it is highly conserved through phylogeny and is a stable thalamic
structure through lower mammalian evolution (Bentivoglio et al.,1991). Its anatomical
connectivity across various mammals appears to be very similar (Fiset et al., 1999; Jones,
1998). Traditionally, PVT and other thalamic midline and intralaminar nuclei have been

considered as components of the ‘non-specific’ thalamocortical relay system.

1.3.1 Cellular morphology

Relatively little morphological data exist on PVT and midline thalamic neurons
when compared with the data available on cells located within the ‘specific’ sensory
thalamocortical projection system. Earlier reports that utilized Golgi staining techniques
suggested a cellular morphology that was similar to that in the more lateral thalamic cell

groups. Recent studies have employed retrograde tracers to profile PVT neurons whose



axons target specific sites, notably the amygdala, the hippocampus and the accumbens.
PVT neurons that project to each area appear to display qualitative and topographic
differences (see efferent projections below). In the study by Su and Bentivoglio (1990),
these labeled cells displayed similar shapes (spindle or ovoid) and measured 12-22
microns in their long axis. Labeled neurons in the ventral PVT were noted to be generally
smaller than those located dorsally and appeared mainly round, with a bipolar dendritic
arborization. In the medial PVT the long axis of labeled cells was oriented vertically,
parallel to the midline. At the ultrastructural level, dendrites of the more dorsal neurons
approached but did not penetrate to the ependymal surface, a feature that warrants against

the notion of a specialized dendritic-CSF relationship (Balercia et al., 1992).

1.3.2 Afferent connections
Anatomical tracer studies reveal that the PVT receives many afferent connections,

and these can be described both by site of origin as well as their chemical neuroanatomy.

A) Suprachiasmatic nucleus (SCN)

From the hypothalamus, fibers arise from neurons in the suprachiasmatic nucleus
(SCN), the brain’s biological clock, and appear to be densest in the anterior PVT (e.g.
Watts and Swanson, 1987; Kawano et al., 2001). Dual tracer studies reveal that this
innervation is direct to PVT neurons whose axons project to the amygdala (Peng and
Bentivoglio, 2004) and express a glutamatergic phenotype (Heilbronner et al., 2004; Hur
and Zaborsky, 2005; Huang et al., 2006). Possible transmitters in this SCN innervation

include arginine vasopressin or AVP (Buijs, 1978), vasoactive intestinal polypeptide or



VIP (Kalamatianos et al., 2004) and prokineticin or PK2 (Cheng et al., 2002). This SCN
innervation, which is reciprocal (see below), implies that PVT is a component of the

“circadian system”.

B) Posterolateral hypothalamus

Relevant to this thesis is a prominent PVT innervation arising from the
posterolateral hypothalamus, an input that in part arises from neurons that display
immunoreactivity for the recently characterized orexin (also called hypocretin) peptides
(Peyron et al., 1998; Sakurai et al., 1998; Nambu et al, 1999; Baldo et al., 2003). The
axonal arborization of these orexinergic neurons clearly outlines the borders of PVT
(Kirouac et al., 2005; see Fig 2.2) and corresponds with the distribution of orexin
receptor mRNA in the midline thalamus (Marcus et al., 2001). The orexin expressing
neurons have a glutamatergic phenotype (Abrahamson et al., 2001; Rosin et al., 2003)
and also co-express dynorphin (Chou et al., 2001). Additionally, PVT receives a modest
innervation from a separate population of lateral hypothalamic neurons that synthesize
melanin-concentrating hormone (Bittencourt et al., 1992; Saito et al., 2001). Afferents
presumed to generate nitric oxide arise from non-cholinergic neurons in the lateral -

hypothalamus (Otake and Ruggiero, 1995).

C) Hypothalamic tuberomammillary nucleus
The hypothalamic tuberomammillary nucleus (Panula et al., 1989), cells that
synthesize histamine, GABA and other possible transmitters, send axons to PVT. It is

notable that PVT contains a strong histamine H3 receptor distribution (Pillot et al., 2002).



D) Other monoaminergic afferents

Other monoaminergic fibers that converge in PVT iﬁclude dopaminergic inputs
from the A8, A10, All, Al13 and Al4 cell groups in the ventral tegmental area and
retrorubral region (Takada et al., 1990; Otake and Ruggiero, 1995), noradrenergic inputs
from the locus coeruleus, the commissural nucleus of solitary tract and caudal
ventrolateral medulla (Otake and Ruggiero, 1995; Otake et al., 2002), and serotonergic

inputs from the dorsal and median raph€ nuclei (Otake et al., 2002).

E) Afferents displaying immunoreactivity for cholecystokinin (CCK)
Sources of afferents that display immunoreactivity for cholecystokinin (CCK)
include cells in the dorsomedial hypothalamus, periaqueductal gray, dorsal raphe and

parabrachial nucleus (Bhatnagar et al., 2000; Otake, 2005).

F) Afferents displaying immunoreactivity for cocaine and amphetamine related
transcript (CART)
PVT displays a high density of fibers that are immunoreactive for cocaine and
amphetamine related transcript (CART; Parsons et al., 2006) possibly arising from

CART-synthesizing neurons in the reticular thalamic nucleus (Koylu et al., 1998).

G) Afferents displaying immunoreactivity for substance P (SP)
Sources of afferents that display substance P (SP) immunoreactivity include the

Edinger-Westphal nucleus, the mesopontine tegmentum and raphe nuclei (Otake, 2005).



H) Afferents displaying immunoreactivity for corticotrophin-releasing factor (CRF)

PVT receives additional inputs from corticotrophin-releasing factor (CRF)
immunoreactive cells in the central nucleus of amygdala (Otake and Nakamura, 1995),
bed nucleus of the stria terminalis, the septal nuclei, the supramammillary nuclei,

infralimbic and prelimbic cortices and subiculum (Vertes, 2004).

1.3.3 Efferent connections

The efferent projections of the PVT are mainly to limbic related brain regions,
namely the deep layers of the prefrontal cortex, accumbens and amygdala, and are
organized along anterior-posterior axes. (Mogo, 1995; Pinto et al., 2003; Parsons et al.,
2006). As mentioned above, and typical of most thalamocortical projecting neurons, these
PVT efferent neurons express a predominantly glutamatergic phenotype (Heilbronner et
al., 2004; Hur and Zaborsky, 2005; Huang et al., 2006). The anterior PVT has a
reciprocal connection with the hypothalamic SCN (Krout et al., 2002; Moga et al., 1995)
suggesting an important link in the control of circadian rhythmicity. Anterior PVT
neurons also project to dorsomedial and ventromedial hypothalamic nuclei, the lateral
septum, bed nucleus of the stria terminalis, and have prominent projections to central and
basomedial amygdaloid nuclei, anterior olfactory nucleus and olfactory tubercle, shell of
the nucleus accumbens, infralimbic, piriform, and perirhinal cortices, ventral subiculum;
and endopiriform nucleus. Posterior PVT neurons project to the central, basolateral and
basomedial amygdaloid nuclei, the core and shell regions of nucleus accumbens, anterior
olfactory nucleus and olfactory tubercle but have few projections to the lateral septum

and hypothalamus. Dual tracer studies reveal a significant number of neurons throughout



the rostrocaudal PVT send axons to both the ventral striatum and prefrontal cortex (Otake -
and Nakamura, 1998) whereas fewer neurons innervate both prefrontal cortex and medial

accumbens (Bubser and Deutch, 1998).

1.3.4 Electrophysiology

The cellular electrophysiology of PVT neurons is largely unknown and will be a
topic of this research. Since this research was initiated, two papers have appeared
(Ishibashi et al., 2005, in rat; Huang et al., 2006, in mouse) that refer to patch clamp data
from PVT neurons. In rodents, cells are reported to have mean resting membrane
potentials in the order of -55 to -60 mV and input resistances in the 350-450 MQ range.
Similar to observations in the adjacent midline centromedial and rhomboid nuclei (Bayer
et al.,, 2002), PVT neurons are reported to display tonic firing when depolarized from
resting membrane potentials, and the presence of a calcium-dependent low threshold
spike (LTS) crowned by a burst of fast action potentials when depolarized from a
hyperpolarized level, features characteristic of thalamocortical relay neurons (Deschenes

et al., 1984; Jahnsen and Llinas, 1984; reviewed in Sherman, 2001).

1.3.5 Functional aspects

The midline and intralaminar thalamic nuclei are regarded as components of the
neural representations of motivational drives and aspects of pain, need for sleep and
nurturance, hunger, thirst, fear, stress and power-dominance (Sewards and Sewards,

2003). The following sections focus on selected topics in this domain.



A) Sleep and arousal

PVT and other thalamic midline nuclei have long been considered a component of
the ‘ascending reticular activating system” that regulate sleep, wakefulness and arousal
(Moruzzi and Magoun, 1949). Indeed, many PVT afferents mentioned above arise from
cell groups known to regulate arousal and vigilance i.e. histaminergic cells of the
tuberomammillary nucleus, serotonergic cells of the dorsal raphe nuclei, the
noradrenergic cells of the locus coeruleus, and dopaminergic cell groups in the ventral
tegmentum. Activation of the immediate early gene c-Fos and expression of its Fos
protein has been utilized to reveal a functional association between its expression in
neurons and a specific ‘stimulus’ or state. A number of findings point to PVT as a site of
circadian changes in neuronal gene expression. Fos expression in PVT neurons displays a
daily rhythm, with greater expression during wakefulness in both nocturnal and diurnal
animals (Cirelli et al., 1993; Novak and Nunez, 1998; Peng and Grassi-Zucconi, 1995).

It has also been proposed that PVT plays a pivotal role in awareness of stimuli of
various sensory modalities (Smythies, 1997), such as auditory vigilance (Paus et al.,
1997), visual awareness (Purpura et al., 1997), awareness of tactile and nociceptive
information (Giesleret al., 1981; Peschanski and Besson,1984; Sturm et al., 1999). It has
been suggested that a concerted action of the midline-intralaminar complex might bring
the entire basal-ganglia and thalamocortical system to a higher level of activity, that is, to
a state of readiness. In keeping with this notion is the PVT innervation by the recently
discovered orexins, peptides important for the promotion and maintenance of

wakefulness (Marcus, 2001; Peyron, 1998).



B) Circadian rhythms
SCN is the site of the principal biological clock in the mammalian brain,
entraining behaviours (e.g. sleep-wake cycles) and physiological processes (e.g. morning
peaks in glucose and cortisol) to the solar cycle (Reppert and Weaver, 2001; Buijs et al.,
2003). As mentioned above, PVT is one of two thalamic targets of SCN efferents, the
other being the intergeniculate leaflet (Moga and Moore, 1997). The SCN connection to
PVT has been proposed to participate in the control of the sleep/wake cycle (Bujis, 1996).
A projection from PVT back to SCN may provide feedback regulation of circadian |
timing. The observation that lesions of the anterior PVT abolish the advances induced by
light during late subjective night whereas mid-posterior PVT lesions did not affect phase
shifts (Salazar-Juarez et al., 2002) suggests that anterior PVT neurons in particular
modulate entrainment of circadian rhythms to light.
PVT also sends projections to the VLPO (Chou et al., 2002; Van der Werf, 2002).
Fos expressionin PVT shows a positive correlation and a pattern that is 180° out of phase
with the Fos rhythm in VLPO (Novak and Nunez, 1998). The role for PVT in circadian

rhythmicity and in sleep-waking cycles appears to be closely intertwined.

C) Stress

PVT innervates a range of forebrain structures directly implicated in the
generation of behavioural, endocrine and/ or autonomic responses to stress, notably
medial prefrontal cortex, central and medial amygdala, bed nucleus of the stria terminalis
and hypothalamic dorsomedial and paraventricular nuclei. PVT has been proposed as a

relay nucleus that transfers stress-related information to the limbic forebrain (Bubser and
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Deutch, 1999; Otake et al., 2002). PVT neurons express Fos protein as part of a concerted
response to a wide variety of stressors that include pain, e.g. colorectal distention (Traub
et al., 1996), foot shock (Bubser and Deutch, 1999; Li and Sawchenko, 1998), restraint or
immobilization (Cullinan et al., 1995; Senba et al., 1993), and higher temperatures
(Bachtell et al., 1993). Experiments examining adrenocorticotropic hormone (ACTH) and
corticosterone responses suggest that an intact posterior PVT inhibits habituation in the
hypothalamic-pituitary axis (HPA) activity under conditions of chronic stress (Bhatnagar
and Dallman, 1998; Bhatnagar et al., 2002), but some investigators have differing
viewpoints on this issue (see Fernanades et al., 2002). Although PVT shows increased
neuronal activity with exposure to a range of acute stressors, PVT and central amygdala
do not appear to contribute to the HPA axis response to acute psychological stress since
PVT lesions do not block either the diurnal pattern of HPA activity or the ability of the
animals to respond to the acute stimuli (Bhatnagar and Dallman, 1999; Dayas, 1999). The
observation that PVT lesions did not alter acute stress-induced corticotrophin-releasing
factor (CRF) cell recruitment in the parvocellular hypothalamic paraventricular nucleus
(Spencer et al., 2004) suggests that different neural circuits may be involved in the
mechanisms underlying responses of PVT to acute or chronic stressors. It is interesting
that the density of glucocorticoid receptors in modest within the thalamus, and densest in
PVT (Morimoto et al., 1996) and disappears after adrenalectomy (Visser et al., 1996).
Stress affects the brain noradrenergic circuitry and it is notable that chronic psychosocial
stress in male tree shrews selectively upregulates a2B adrenoceptors in PVT but not in

the adjacent anteroventral thalamic nucleus (Heilbronner et al., 2004).

11



D) Reward and psychostimulation

The nucleus accumbens is a major site of psychostimulant drug actions (Kalivas
and Stewart, 1991; Wise, 1995), and data from a variety of studies indicate that a
convergence of dopaminergic and glutamatergic innervations regulate psychostimulant-
induced locomotor behaviour (Churchill et al,, 1995; Daunais and McGinty, 1995).
Selective antipsychotic drugs (clozapine) and psychostimulants (cocaine, amphetamine
and ecstasy) induce Fos expression in PVT (Deutch et al., 1995, 1998; Stephenson et al.,
1999). Moreover, significant increases in brain k-opioid receptors are noted in PVT in
response to withdrawal from physical dependence on butorphanol, a synthetic opioid that
is structurally similar to naloxone and whose chronic use produces physical dependence
(Fan et al., 2003). Lesions of PVT block cocaine-induced locomotor sensitization,
specifically disrupting the contextual conservation of the sensitization (Young and
Deutch, 1998). Thus PVT appears to be a key node in extended cortico-striato-pallido-
fugal circuits that subserve both the arousing properties and reinforcing aspects of
psychostimulants. These data are consistent with those of Brown et al (1992), who noted
earlier that PVT is one of the few sites that are activated in cocaine-induced environment-
specific conditioning, suggesting that PVT is implicated in conditioned addictive

behavior.

E) Feeding
Lesions of posterior PVT result in an increase in food intake mainly during the
light phase, possibly due to the disruption of information of feeding regulation relayed by

PVT from the circadian timing system; this may reflect a strictly circadian role with
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respect to food intake (Dallman et al., 1999). Neuropeptide Y (NPY) is a potent inducer
of feeding behaviour (Parrott et al., 1986). Reduced NPY receptor density is noted in
PVT in dietary restricted rats, and significantly increased in dietary obese rats
(Widdowson et al., 1997), perhaps reflecting an overall response in central feeding

circuits to negative and positive energy balance.

F) Memory

By virtue of its central position in the brain, the thalamus can regulate the flow of
information from brainstem, sensory organs and visceroceptors to other areas of cortex
and subcortical regions. Damage to the intralaminar and midline nuclei disrupts memory
processes (Bailey and Mair, 2005; Newman et al., 2005; Van der Werf et al., 2003) and a
role in classical conditional learning has been suggested (Beck and Fibiger, 1995; Brown
et al., 1992; Dallman, 1999). The contribution of PVT neurons still remains largely
unknown. Perhaps the answer resides in the ‘plasticity’ in HPA function that is a
consistent finding in animals exposed to chronic stress, whether continuous or »
intermittent; these animals exhibit normal of enhanced HPA responses to novel, acute
stressors despite the negative feedback effects of elevated circulating glucocorticoids
released by chronic stress (e.g. Young et al., 1990). To account for this difference
between effects of stress and glucocorticoids, it has been proposed that prior stress leaves
a central facilitatory ‘trace’ that, upon exposure to a novel stressor, balances or
overcomes the negative feedback effects of circulating glucocorticoids. Bhatnagar and
Dallman (1998) propose that this facilitatory role resides as a ‘memory’ within PVT (also

see Dallman et al., 2003).
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1.4 Orexins—Hypocretins
1.4.1 Discovery

Much has been learned about brain functions by the analysis of deficits arising as
a consequence of damage to specific brain regions. For example, in the early 1900s, Von
Economo reported that patients afflicted with “encephalitis lethargica” were
hypersomnolent and aphagic, and at autopsy many showed cell loss in the posterior
lateral hypothalamus (Von Economo, 1931). Subsequent studies in various animal
species indicated similar changes in behaviour could be induced by destruction of the
posterolateral hypothalamic area (e.g. Anand and Brobeck, 1946). Thus began the notion
that lateral hypothalamic neurons were important in regulating feeding and arousal. A
major advance in our understanding not only of feeding behaviours but (curiously) also
the cause of a sleep disorder known as narcolepsy resulted from simultaneous discoveries
in 1998 by two independent laboratories of a family of neuropeptides and their receptors
known as the hypocretins or orexins. Importantly, these peptides were found to be
synthesized solely by neurons located in the posterolateral hypothalamus. In the Sutcliff
lab, a search for the most abundant mRNAs in the rat hypothalamus using subtractive
cDNA cloning techniques led to the isolation and identification of a novel mRNA
exclusively expressed in the lateral, posterior and perifornical hypothalamus (de Lecea et
al., 1998). Based on the structure of this mRNA, the structure of its pre-pro-peptide was
determined and shown to cleave into two peptide products that they termed hypocretinl
(hctl) and hypocretin 2 (hct2), named from the combination of hypothalamic and incretin

(based on a weak homology with secretin, which belongs to the incretin superfamily of
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peptides). In the same year, a group led by Yanagisawa was seeking to identify
endogenous ligands for orphan G protein-coupled receptors (GPCRs). They
independently purified the same two peptides which they called orexin A and orexin B,
derived from the Greek word for appetite (Sakurai et al., 1998). They also described a
new orphan G protein coupled receptor (GPCR) which turned out to be the orexin B
receptor, or OX,R. While both names have remained in common use, the orexin

terminology will be applied here.

1.4.2 Molecular and cellular biology
The orexin system consists of 3 genes, the precursor pre-pro-orexin gene that
encodes two closely related neuropeptides: orexin A and orexin B, and two separate

genes for the receptors, OX;R and OX,R (Sakurai et al., 1998)

A) Orexin peptides

Mammalian orexin A is a 33 amino acid peptide of 3562 Daltons that possesses
an N-terminal pyroglutamyl residue, a C-terminal amidation, and two intra-molecular
disulfide bridges, Cys6—Cys12 and Cys7-Cys14. The primary structure of orexin A is
remarkably well preserved among human, bovine, rat, mouse, and pig. Mammalian
orexin B is a 28 amino acid peptide of 2937 Daltons that possesses a C-terminal
amidation, and has 46% (13/28) amino acid identity to orexin A. Orexin B from rat and
mouse is identical, and only one and two amino acid residues are changed in the porcine
and human counterparts, respectively. Orexins have also been described in the frog

Xenopus laevis and have a high similarity to the mammalian peptides (Shibahara et al.,
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1999). The human orexin gene (chromosomal localization: 17q21-22) consists of two
exons and one intron, and encodes a 131 amino acid precursor peptide, pre-pro-orexin.
This precursor possesses an N-terminal 33 residue secretory signal peptide, and is
cleaved at sites of basic amino acid residue pairs by prohormone convertases, yielding
orexins A and B (Sakurai et al., 1999). The amino acid identity between human and rat

pre-pro-orexin is 83%, with most substitutions occurring near the C-terminus.

B) Orexin receptors

The orexin receptors (OX;R and OX,R) have a 64% amino acid identity with
each other. The amino acid identity between human and rat receptors is 94% for OX;R
and 95% for OX,R. The OX;R has a 10-fold higher affinity (expressed as ECs, the
concentration of ligand needed to elicit half-maximum receptor response) for orexin A
(ECsp = 20nM) than orexin B (ECsp = 250nM), whereas OX,R binds the two peptides
with equal affinity (ECso = 20nM). In general terms, OX;R is thought to activate the G
protein Gg11, causing an influx of extracellular Ca®" while OX;R is thought to couple
either to Ggy11 or Gyo, the latter enhancing potassium ion efflux (Beuckmann and
Yanagisawa, 2002). Orexin receptors are highly specific for orexin neuropeptides; NPY,
secretin, melanocortin, and other neuropeptides do not interfere with orexin binding to its

receptors.
1.4.3 Orexin receptor distribution

Following an initial study by Trivedi and colleagues (1998), Marcus et al (2001)

reported a more detailed account of the orexin receptor system in the rat brain. They
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reported that OX;R mRNA is localized mainly in prefrontal and infralimbic cortex,
hippocampus, paraventricular thalamic nucleus, ventromedial hypothalamic nucleus,
dorsal raphe nucleus and locus coeruleus. OX;R mRNA was observed in cerebral cortex,
basal forebrain cholinergic nuclei, hippocampus, midline and intralaminar thalamus,
raphe nuclei, and hypothalamic tuberomammillary, dorsomedial, paraventricular and
ventral premammillary nuclei. From this study it would appear that the distribution
patterns of OX;R and OX,;R are distinct and complementary, although partially

overlapping, suggesting different physiological roles for each receptor subtype.

1.4.4 Orexin immunocytochemistry

The total number of orexin neurons in the brain has been estimated at 1,100 in rats
(De Lecea et al., 1998) and 70,000 in humans (Thannickal et al., 2000). These neurons
are located exclusively in the lateral hypothalamus, overlapping with a distinctly different
population of melanin-concentrating hormone expressing neurons (Elias et al., 1998).
Immunocytochemical studies suggest that orexin neurons utilize glutamate as a rapid co-
existing transmitter (Abrahamson et al., 2001; Rosin et al., 2003), and also co-express the
peptide dynorphin (Chou et al., 2001), neuronal activity-regulated pentraxin (Narp, Reti
et al., 2002) and display prolactin-like immunoreactivity (Risold et al., 1999). In the rat,
orexin-like immunoreactivity is detectable on embryonic day 19 (van den Pol et al.,
2001), and pre-pro-orexin mRNA has been reported at birth (Yamamoto et al., 2000).
Few reports describe the existence of orexin outside the central nervous system, notably
in the gut and pancreas (Kirchgessner and Liu, 1999). Pre-pro-orexin mRNA has also

been reported in testis but not in ovaries (Johren et al., 2001).
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A) Efferent projections

By contrast with the restricted lateral hypothalamic location of the somata of
orexinergic neurons is the wide, but also selective distribution of orexinergic axonal
projections throughout the CNS and spinal cord (Kukkonen et al., 2002; Lu et al., 2000;
Nambu et al., 1999; Peyron et al., 1998; van den Pol, 1999). Orexin-immunoreactive
fibers can be traced to: a) hypothalamic regions implicated in the regulation of feeding
behaviour (i.e dorsomedial, paraventricular and arcuate nuclei); b) selective sites in
thalamus, notably the midline paraventricular (PVT) and centromedial nuclei, but
avoiding the specific ventrobasal relay nuclei; c) circumventricular organs (subfornical
organ and area postrema); d) elements of the limbic system (hippocampus and
amygdala); e) brain stem areas regulating sleep and arousal (locus coeruleus,
tubermammillary and dorsal raphe nuclei); f) sites engaged in circulatory and autonomic
control (e.g. dorsomedial and ventrolateral medulla, spinal intermediolateral cell
column); g) spinal cord sensorimotor areas (lamina 1 and 10). This distribution generally

coincides with the distribution of orexin receptors.

B) Afferent projections

Various studies have reported on cell groups that project axons to the lateral
hypothalamus, but afferents to the orexin neurons are difficult to decipher because these
cells are dispersed and intermingled with many other cell types. However this has now
become possible in transgenic mice that express a fusion protein exclusively in orexin

neurons (Sakurai et al., 2005; Maskos et al., 2002). In addition to a small number of local
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interneurons, Sakurai et al (2005) reported large numbers of retrogradely labeled neurons
in different amygdaloid nuclei, shell region of the nucleus accumbens, bed nucleus of the
stria terminalis, medial and lateral septum, medial and lateral preoptic areas, including
the ventrolateral preoptic area or VLPO (site of sleep-promoting neurons; Gallopin et al.,
2000), medial habenula, hypothalamic arcuate, ventromedial, dorsomedial and |
paraventricular nuclei, posterior hypothalamus, midbrain tegmentum and raphe nuclei.
Double labeling and electrophysiological studies confirmed a cholinergic basal forebrain
input, preoptic GABAergic input and serotonergic median / paramedian raphe nuclei
input. It appears that monoamine nuclei that receive innervation from orexin neurons are
not reciprocally connected with them, different from cholinergic neurons in the basal
forebrain which do have reciprocal connections; this feature might be important for
consolidating wakefulness. A recent study using anterograde and retrograde tracers
(Yoshida et al., 2006) provides additional information on the connectivity of orexin
neurons and supports the notion that these neurons may integrate a variety of
interoceptive and homeostatic signals to increase behavioural arousal in response to

hunger, stress, circadian signals and autonomic challenges.

1.4.5 Functional considerations
A) Feeding and appetite

Because of the exclusive location of orexin neurons and the concept of the lateral
hypothalamus as a designated feeding centre, the function of the orexins was originally
believed to be primarily in the regulation of appetite and food intake (reviewed in

Elmquist et al., 1999, Follwell and Ferguson, 2002). Consistent with this notion are
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physiological data indicating that injections of orexin into the brain increase food intake
(Edwards et al., 1999; Haynes et al., 1999; Sakurai et al., 1998) and injections of orexin
antiserum into the hypothalamus reduce feeding (Yamada et al., 2000). Compared with
other orexigenic peptides, orexin-stimulated food intake is significantly less than NPY,
but similar to that of melanin concentrating hormone. In addition, fasted animals show an
increase in orexin mRNA levels (Cai et al.,, 1999) and orexin knock-out mice are
hypophagic (Hara et al., 2001). Furthermore, isolated orexin neurons are regulated by
metabolic cues with reduced activity in response to glucose and leptin, and increased
activity in response to ghrelin, an orexigenic peptide derived from the stomach. Orexin
neurons are also directly inhibited by NPY (Fu et al., 2004). These results suggest both
direct and indirect regulation of orexin neurons by energy states.

The hypothalamic arcuate nucleus has emerged as a key region for appetite
regulation. Its neurons synthesize molecules with defined roles in feeding, namely
orexigenic neuropeptide Y (NPY), pro-opiomelanocortin (POMC, the precursor for the
appetite-suppressing neuropeptide a-MSH), and GABAergic neurons, some of which co-
express NPY. Orexin neurons receive innervation from arcuate NPY neurons (Broberger
et al., 1998; Elias et al., 1998) and orexin-immunoreactive terminals in turn synapse on
arcuate NPY neurons (Horvath et al., 1999a; Jain et al., 2000). Pretreatment of animals
with the NPY Y, or Ys antagonists blocks the orexigenic effect of exogenously
administered orexins (Ida et al., 2000; Yamanaka et al., 2000). The observation that Fos
expression in NPY neurons is stimulated by orexin suggests that orexin may exert its
effects on food intake by activating arcuate NPY neurons. Several reviews summarize the

main neuroanatomical and electrophysiological information currently available in feeding
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behaviour (Jobst et al., 2004; Leibowitz and Wortley, 2004; Stanley et al., 2005).

B) Regulation of sleep-waking states
A major function emerging from research on orexins is their role in regulating
sleep and wakefulness. Orexin neurons project to regions classically involved in sleep
regulation and vigilance, including the monoaminergic systems (locus coeruleus; dorsal
raphe; tuberomammillary nuclei), cholinergic neurons in the brainstem (Burlet et al.,
2002) and basal forebrain (Eggermann et al., 2003) and GABA/galaninergic neurons in
the VLPO. As mentioned below, exogenous application of orexin is excitatory,
depolarizing cells and increasing the firing rates of neurons in the locus coeruleus, raphe ,
tuberomammillary nuclei and cholinergic neurons in the pons and basal forebrain, but
apparently is without effect on GABAergic neurons in the VLPO. Central administration
of orexin in rodents reduces REM sleep and increases wakefulness (Hagan et al., 1999).
Genetic studies provide persuasive evidence for a role of orexin in regulating
sleep/wake states. Briefly, animals with orexin gene knockouts and/or OX;R gene
mutations have features that resemble narcolepsy in humans. Narcolepsy, regarded as a
sleep disorder for more than 100 years, is characterized by the tetrad of excessive
daytime sleepiness, cataplexy (sudden, bilateral loss of muscle tone without loss of
consciousness, often brought on by sudden action or emotion), hypnagogic
hallucinations, and sleep paralysis (reviewed in Scammell, 2003). Known to be
genetically transmitted in canines as an autosomal recessive gene called canarc-1, the
mechanism of this disease in humans has remained unclear until the discovery of orexins

(see Siegel, 1999). Some cases of canine narcolepsy (Doberman, Labrador, and
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Dachshund) were shown to involve an OX;R mutation, and pre-pro-orexin knock-out
mice display similar manifestations. Indeed, various conditions that interfere with the
integrity of the neurons, the peptides they secrete, or their receptors are associated with a
deficiency in wakefulness and the development of narcolepsy (Chemelli et al., 1999;
Hara et al., 2001; Lin et al., 1999; Nishino et al., 2000; Peyron et al., 2000; Thannickal et
al., 2000). Several other mouse models of deficiency in orexin signaling have been
developed, among which are mice lacking either the orexin gene (pre-pro-orexin
knockout mice) or orexin neurons (orexin/ataxin-3 transgenic mice), as well as mice with
null mutations in the both orexin receptor genes; all have remarkably similar phenotypes
to those of human narcolepsy (Chemelli et al., 1999; Hara et al., 2001; Lin et al., 1999;
Willie et al., 2003). In humans, where narcolepsy occurs in approximately 1 in 2,000
individuals, most cases are sporadic, and narcolepsy seems to be a polygenic and/or an
environmentally influenced disorder. Interestingly, a link between narcolepsy and Human
Leukocyte Antigen HLA-DQBI0602 has lead to the suggestion that narcolepsy might be
an autoimmune disease, causing selective destruction of the orexin-synthesizing neurons
in the LHA. Indeed, a majority of HLA-DQBI0602 positive patients with narcolepsy-
cataplexy have undetectable orexins in their cerebrospinal fluid (Scammell, 2003). This
mechanism would be consistent with the hypothesis that narcolepsy is caused by

environmental factors that act on a susceptible genetic background.

C) Neuroendocrine regulation
Orexin neurons innervate medial hypothalamic neurons that are known to regulate

anterior pituitary functions, and orexins have a major role in governing the hypothalamic-
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pituitary adrenal axis (HPA; reviewed by Spinazzi et al., 2006). Intracerebroventricular
administration of orexin increases secretion of thyrotropin releasing hormone (Mitsuma
et al.,1999), enhances corticotropin (ACTH) and corticosterone release, a component of
which may be mediated via the release of NPY (Russell et al., 2001). These effects may
also reflect a direct action on parvocellular paraventricular nucleus releasing factor
neurons which in turn are also responsive to exogenous orexin when studies in brain slice
preparations (Follwell and Ferguson, 2002). Effects on the HPA axis are markedly
reduced in pregnancy (Brunton and Russell, 2003). Intracerebroventricular administration
of orexin also influences LH secretion, inhibitory during diestrous or low estrogen states
and excitatory during surge conditions (Pu et al., 1998). Gonadotropic releasing hormone
(GnRH) neurons co-express OX;R and are directly contacted by orexin fibers (Campbell
et al., 2003). The observation that orexin neurons are themselves contacted by CRF-
immunoreactive terminals, express CRF-R1 receptors and are depolarized by exogenous
CRF (Winsky-Sommerer et al., 2004) implies a dynamic interplay between the HPA and
orexin systems. Intracerebroventricular administration of orexin also stimulates drinking
behaviour, almost as potently as angiotensin (Kunii et al., 1999), possibly reflecting the
excitatory action of orexins on neurons in the subfornical organ and/or area postrema

(Yang and Ferguson, 2002).

D) Autonomic functions
Orexin neurons project to CNS sites involved in autonomic regulation, notably the
paraventricular nucleus in the hypothalamus, the nucleus of the solitary tract and the

rostral ventrolateral area in the medulla oblongata, dorsal motor nucleus of the vagus, the
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caudal region of the sacral spinal cord and the intermediolateral column (see Zheng et al.,
2005; van den Pol et al., 1999). Viral transneuronal labeling has demonstrated that orexin
neurons are linked to different sympathetic outflow systems (Geerling et al., 2003).
Collectively these observations support a role in regulation of both the sympathetic and
parasympathetic parts of the autonomic nervous system. For example, data support the
conclusion that orexin neurons are activated by systemic hypoglycemia, releasing orexin
in the dorsal motor nucleus of the vagus and thereby stimulating pancreatic efferent firing
(Wu et al, 2004). Intracerebroventricular administration of orexin administration
induces a dose related increase in mean arterial pressure, heart rate and renal sympathetic
nerve activity (reviewed in Shirasaka et al., 2003), responses that are similar to those
observed during stress (Samson et al., 1999; Shirasaka et al., 1999). Kayaba et al (2003)
find reduced baseline blood pressure and attenuated defense responses in orexin knockout
mice. Potential sites of direct orexin actions include spinal preganglionic neurons
(Antunes et al., 2001; van den Trop et al., 2003) and the nucleus of the solitary tract cells
(Yang et al., 2003). Injection of orexin into the diagonal band of Broca has been reported
to initiate thermogenesis through a sequential stimulation of the sympathetic nervous
system (Monda et al., 2004). The orexin innervation to the locus coeruleus may also
participate in enhancing vigilance, attention and cognitive aspects of any stress related

cardiovascular response.
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1.4.6 Cellular electrophysiology and receptor-mediated actions
The objective of the research described here is to use electrophysiology to
examine the actions of orexins on PVT neurons. This section of the thesis provides an

overview of the literature already available on the electrophysiology of orexins.

A) Spinal cord motoneurons

The presence in the spinal ventral hom of orexin fibers and OX;Rs prompted a
study (Yamuy et al., 2004) that may be the only report to date of an action mediated by
endogenously released orexin. They reported that in the intact anesthetized cat, electrical
stimulation in the lateral hypothalamus induced a depolarizing response in motoneurons
that was selectively reduced by application of SB-334867, an OX;R antagonist. Local
orexin application induced depolarization and firing without apparent change in
membrane resistance and, in a few neurons, an enhancement of synaptic activity
(increased membrane noise), suggesting (but clearly not proving) the possibility of both

pre- and postsynaptic sites of action.

B) Spinal superficial dorsal horn neurons

In rat slice preparations, patch clamp studies reveal that orexin B induced a
tetrodotoxin (TTX)-resistant inward current and a near parallel shift in I/V plots, possibly
reflecting involvement of a number of conductances, and increase in baseline noise
(Grudt et al.,, 2002). The fact that these were blockable with suramin indicates
involvement of a P2x purinergic receptor agonist, perhaps ATP, in the orexin response.

Note of an increase in the frequency of spontaneous inhibitory postsynaptic currents
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(IPSCs), blockable with tetrodotoxin (TTX) and strychnine, may reflect an action on

presynaptic glycinergic interneurons.

C) Nucleus pontis oralis (NPO)

The NPO, which plays a key role in REM sleep, receives projections from the
lateral hypothalamic orexin neurons (Peyron et al., 1998). Microinjections of orexins
into NPO induced a similar behavioural state (REM sleep), and juxtacellular application
of orexin A resulted in cell depolarization, increased firing, an increase in the amplitude
of locally-evoked excitatory postsynaptic potentials (EPSPs) as well as frequency and
amplitude of spontaneous EPSPs; collectively these data suggest orexin modulates

excitatory inputs to NPO neurons (Xi et al., 2002, 2003).

D) Area postrema (AP)

AP is a midline circumventricular organ whose neurons participate in autonomic
functions, body fluid balance and feeding control. In slice preparations, orexin A was
reported to depolarize the majority of cells tested, effects that were considered to be
mediated via non selective cationic channels since currents reverse around 43 mV (Yang

and Ferguson, 2002).

E) Nucleus tractus solitarius (NTS)
In brain slices, application of orexin A is reported to depolarize ~90% of NTS
neurons by activating a nonselective cationic conductance and inhibit a sustained

potassium conductance, actions that are mediated through activation of phospholipase C

26



and protein kinase C (Yang et al., 2003a, b). In slices from caudal NTS, bath applied
orexin B is reported to have a selective enhancing action on evoked, spontaneous and
miniature excitatory postsynaptic currents (EPSCs), suggestive of a presynaptic site of

action (Smith et al., 2002).

F) Dorsal motor nucleus of vagus (DMV)

Orexins acting at postsynaptic receptors induced inward currents and depolarized
neurons that project to the gastric fundus and corpus, effects mediated in large part by
reduction in a potassium conductance but possibly also involving a non-selective cation
conductance (Hwang et al., 2001). By contrast with NTS, these neurons also displayed
an orexin-induced selective enhancement of inhibitory synaptic and miniature IPSCs,
consistent with an action at presynaptic receptors (Grabaukas and Moises, 2003; Davis et

al., 2003).

G) Locus coeruleus (LC)

Several papers have report orexin-induced excitation, inward currents and
depolarization in LC neurons, mediated by reduction in a sustained potassium
conductance and/or nonselective cationic conductance; also reported is action potential
broadening and reduction in afterhyperpolarizations (Bourgin et al., 2000; Hagan et al.,
1999; Horvath et al., 1996; Ivanov and Aston-Jones, 2000; Murai and Akaike, 2005; van
den Pol et al., 2002). Excitatory actions were antagonized by SB-334867-A, an antagonist

for the OX;R (Soffin et al., 2002).
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H) Dorsal Raphe Nucleus (DRN)

Orexin neurons densely innervate major aminergic cell groups including DRN
(e.g. Chemelli et al., 1999). Several studies have reported excitatory actions of orexins in
rat DRN cells. In a brief report, Brown et al (2001) reported a TTX resistant and
prolonged orexin-A-induced dose-dependent membrane depolarization; an associated
variable decrease in a leak potassium conductance was proposed as a mechanism. A
subsequent and more detailed analysis (Brown et al., 2002) revealed actions by both
orexin A and B inducing inward currents with increase in membrane noise; since effects
were strongly reduced by replacement of external sodium by the impermeant ion N-
methyl-D-glucamine (NMDG), they concluded that orexin was activating a mixed cation
channel (possibly the phospholipase C coupled transient receptor potential channels)
alone or in combination with reduction of a leak potassium conductance. Of note is
evidence of the probable convergent actions of orexins, histamine and noradrenaline on
the same channels in DRN neurons. By contrast, a study by Liu et al (2002) reported
orexin-induce inward currents in DR neurons that reversed near —18mV, attributed to
actions mediated by a postsynaptic sodium-dependent nonselective cationic channel; also
noted was a TTX-sensitive increase in GABAergic synaptic activity, implying activity-
dependent effects on GABAergic neurons that project to the recorded neurons. The
increases in excitability induced by orexin receptor agonists in DRN appears to reflect
activation of the OX;R subtype rather than the OX;R subtype (Soffin et al., 2004).

In an in vivo study, Takahashi et al (2005) reported that orexin’s action on DR

neurons was most pronounced during rapid eye movement (REM) sleep when the cells
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are usually silent; this suggests that the orexinergic system may suppress REM sleep
through activation of serotonergic DR neurons.

A recent report by Haj-Dahmane and Shen (2005) presents a novel mechanism
that implicates orexins in endocannabinoid release arising through a postsynaptic OX;R -
mediated action that depends on activation of the PLC/diacylglyceride (DAG) pathway
but without raising postsynaptic intracellular calcium; released endocannabinoids act

retrogradely to induce depression of glutamatergic currents in DRN.

I) Tuberomammillary nucleus (TMN)

Since both orexin A and B depolarized TMN neurons, their effects were
considered to be mediated via OX;Rs (Bayer et al., 2001; Yamanaka et al., 2002). In a
study by Eriksson et al (2001), orexin-induced depolarization was reported to be TTX
resistant (i.e. postsynaptic) and accompanied by a slight reduction in input resistance
(92.2 + 1.8%). By contrast with reports in other neurons, the orexin responses they
observed were largely unaffected by manipulation of the external potassium
concentration, membrane conductance was increased rather than decreased, and nickel
abolished the depolarization, none of which would be consistent with involvement of a
potassium channel. However, the fact that the orexin responses could be largely abolished
by KB-R7943, a selective blocker of the electrogenic sodium-calcium exchanger
(Iwamoto et al., 2001), lead Ericsson et al to conclude that orexins mediated their actions
in TMN neurons mainly via activation of sodium-calcium exchanger, but also a calcium
current. Recent studies by Hoang et al (2003) led them to suggest that GIRK channels in

tuberomammillary and locus coeruleus neurons are suppressed by orexins.
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J) Hypothalamus

Studies on cultured hypothalamic neurons suggest that orexins can increase the
frequency of both GABAergic and glutamatergic spontaneous postsynaptic currents, and
that a subpopulation of cells display a rise in intracellular calcium that presumably
reflects calcium influx from outside the cell (Van den Pol et al., 1998). Additionally,
these authors reported that microdrop applications of orexin increased IPSCs evoked in
putative neuroendocrine neurons in the arcuate nucleus, and increased the frequency but
not amplitude of miniature IPSCs and EPSCs, features that would imply orexin receptors
are located presynaptically. By and large however, most studies report an action mediated
by postsynaptic receptors.

Arcuate nucleus (ARC). The ARC, a key centre for energy homeostasis and
feeding behaviour, receives a dense orexinergic innervation (Peyron et al., 1998). ARC
cells express markers for both OX;Rs and OX,Rs. However, receptor localization studies
disagree as to receptor types: Marcus et al (2001) reported only OX,;Rs while Guan et al
(2002) reported OX;Rs; on the other hand, Burdakov et al (2003) reported mRNA for
both receptors. Orexin injections into the ARC can stimulate feeding (Willie et al., 2001).
Extracellular recordings suggest that orexin increases firing of a subset of ARC neurons
(Rauch et al., 2000). In a patch clamp analysis in mouse ARC neurons, Burdakov et al
(2003) noted that a subset of glutamate decarboxylase (GAD) expressing neurons are
selectively and directly depolarized by orexin-A acting at OX;Rs. In the latter analysis,
orexin was seen to induce a current that reversed around -35mV, is reversed by KB-

R7943, with a reversal potential that shifts in a negative direction in low Na* solutions
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and in a positive direction in low Ca** solutions, leading them to conclude that orexin
was activating the sodium-calcium exchanger and mobilizing calcium from intracellular
stores rather than from outside sources. More recently van den Trop et al (2004) reported
that orexins induced burst firing and pacemaker activity selectively in the NPY/Agouti-
related peptide ARC neurons, leading them to comment that this induced activity might
be key to the release of these peptides in central energy circuits.

Paraventricular nucleus (PVN). OX;Rs predominate in PVN (Marcus et al.,
2001; Trivedi et al., 1998), indicating that neurons here are likely to respond to both
orexin A and B. Observations and conclusions differ between studies. In vivo, no PVN
neurons were reported to respond to micoiontophoretic application of orexin A (Shiraishi
et al., 2000). However, data obtained in vitro in slice preparations by Shirasaki et al
(2001) indicated that orexin B applications could induce TTX-resistant depolarization
without significant changed in membrane resistance, responses seen in both
magnocellular (type 1) and parvocellular (type 2) PVN neurons, implying that both cell
types possessed postsynaptic OX;Rs. By contrast, Follwell and Ferguson (2002) reported
that a majority (67%) of the magnocellular PVN neurons respond to bath applied orexin
A with membrane depolarization and increase in both frequency and amplitude of
spontaneous EPSCs. In the presence of TTX, they observe that these depolarizations were
no longer observed, an indication of an indirect action. They also noted that orexin
enhanced the inward current evoked by exogenous glutamate, suggesting that the peptide
could modulate a postsynaptic glutamate receptor. By contrast, the response in a majority

of parvocellular PVN neurons was a TTX-resistant membrane depolarization and inward

31



current that reversed near — 45 mV, suggesting involvement of a non-selective cationic
conductance.

Lateral hypothalamic area (LHA). LHA contains glucose-sensitive neurons
(GSNs), cells that are inhibited by rising glucose levels and excited by the converse, thus
contributing to body energy homeostasis (Levin et al., 1999). Lowering glucose
increases cytosolic calcium in orexin neurons, demonstrating their glucose sensitivity
(Muroya et al., 2001). Two studies suggest that orexins preferentially excite GSNs,
identified by an increase in firing when glucose concentration falls (see Liu et al., 2001).
In vivo, Shiraishi et al (2000) reported an increased firing in 66% of glucose sensitive
(also 40 % of non-glucose sensitive) neurons by microiontophoresed orexin.
Interestingly, these authors also reported that orexin decreased cell firing in glucose-
responsive and non-responsive neurons in the hypothalamic ventromedial nucleus
(VMH), a putative satiety centre. Note that this is the only report to date where orexin
appears to decrease cell excitability. In LHA slice preparations, Liu et al (2001)
confirmed a direct (TTX-resistant) postsynaptic depolarization by orexin A that was

selective for GSNs.

K) Ventral tegmental area (VTA) and laterodorsal tegmental nucleus (LDT)

Both dopaminergic and GABAergic neurons in the VTA are reported to be
directly excited by orexin A and B, and a subpopulation of dopaminergic neurons to
respond with bursting activity patterns ( Korotkova et al., 2003). Cholinergic neurons in
the LDT and adjacent pedunculopontine tegmental nucleus provide the major cholinergic

input to the thalamus and medial pontine reticular formation, and their activity is linked
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to REM sleep and arousal (Steriade and McCarley, 1990). In cell attached recordings,
mouse LDT cells responded to orexin-A with prolonged firing, responses that were
reduced in subsequent applications, possibly indicative of receptor desensitization (Burlet
et al.,, 2002). In addition, data from whole cell recordings from both cholinergic and non- |
cholinergic LDT cells revealed a complexity of postsynaptic and presynaptic actions: a)
in the presence of low calcium media to inhibit synaptic transmission, orexin A induced
long lasting inward currents (~ —35 pA) with an associated increase in membrane
conductance ( 105~178% of control) and membrane noise, considered due to activation
of a postsynaptic cationic conductance; b) an increase in evoked EPSCs, and SEPSCs due
to an action on presynaptic neuronal transmission, blockable in TTX. In a subsequent
analysis, Kohlmeier et al (2004) reported that orexins elevated intracellular calcium in
LDT and dorsal raphe neurons by enhancing calcium influx, in part mediated via L-type
calcium channels and activation of protein kinase C (PKC). Note that these data differ
from results obtained in OXR-transfected cells (Sakurai et al., 1998) where orexin was
observed to increase calcium release from intracellular stores via a protein kinase A

(PKA)-related mechanism.

L) Substantia nigra (SN)

SN contains both GABAergic and dopaminergic neurons, cells that can be
distinguished in extracellular recordings by their fast (GABA) or slower (dopaminergic)
firing frequency. In slice preparations, it appears that orexins selectively excite
dopaminergic but not GABAergic neurons, and that bath applied thapsigargin

significantly reduces the orexin effects, an indication that calcium release from
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intracellular stores is an important component of the response. These effects are not
blocked by application of a specific PKC inhibitor but are blockable with a PKA inhibitor

(Korotkova et al., 2002).

M) Thalamus

In thalamus, orexin fibers project selectively to midline and intralaminar neurons,
components of the so-called “non-specific” thalamocortical system (Peyron et al., 1998).
In a study by Bayer et al (2002), all neurons tested with orexins in the centromedial and
rhomboid nuclei demonstrated TTX-resistant depolarization, probably mediated via
OX3Rs, and involving decrease in a potassium conductance. None of the cells tested in
the ventral posterolateral or lateral geniculate nuclei displayed responsiveness to orexins.

As mentioned earlier, the thalamic paraventricular nucleus (PVT) receives a dense -
orexinergic innervation. The first published paper on PVT in rat brain (Ishibashi et al.
2005) reported that both orexin A and B evoked a dose-dependent excitation (108 to
107 M) of 80% of cells tested during extracellular recordings, membrane depolarization
and an associated increase in membrane resistance due to closure of potassium channels.
Orexin B also induced a rise in intracellular calcium that was abolished in calcium free
solutions. In the mouse, a recent publication (Huang et al., 2006) reported a similar
depolarizing action of orexin on PVT neurons whose axons project to the prefrontal
cortex, mediated mainly via OX;Rs that induced either closure of potassium channels or

opening of nonselective cation channels.
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N) Forebrain nucleus basalis (NB) cholinergic neurons

OX;Rs and OX;Rs are present in NB, a component of the forebrain arousal
system. Basal forebrain medial-preoptic neurons, but not adjacent VLPO neurons, are
reported to be excited directly by orexins acting at OX;Rs (Eggermann et al., 2001). In |
cultured NB neurons, orexin A applications are reported to decrease whole cell
conductances mediated by a pertussis toxin (PTX)-insensitive G-protein and that leads to
activation of two families of inwardly rectifying potassium channels: GIRK and KirNB

channels (Hoang et al., 2003, 2004).

O) Cerebral cortex

Postsynaptic OX;Rs are reported to have a selective distribution in sublayer 6b in
several regions of the cerebral cortices (somatosensory, primary visual, primary motor,
cingulated) where their activation induces a TTX-resistant membrane depolarization via
reduction in a K conductance (Bayer et al., 2004). In slice preparations of prefrontal
cortex, data obtained from layer V pyramidal neurons indicated a concentration
dependent (1nM-300uM) orexin-1 and orexin-2 peptide induction of TTX-sensitive
spontaneous EPSPs that were due to excitation of thalamocortical boutons innervating
spines on apical dendrites, causing transient calcium increases congruent with multiple
spiking events in their glutamatergic afferents (Lambe and Aghajanian, 2003). This
would represent a first demonstration of postsynaptic calcium transients resulting from
neurotransmitter-evoked, TTX-sensitive depolarization of a population of axon terminals.
The finding that orexins can excite the final synapse in the ascending arousal pathway

suggests a mechanism for coordinating aspects of attention and arousal at a cortical level.
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P) Endocrine and non-excitable cells

Studies in mouse peritoneal macrophages (Ichinose et al., 1998) indicate that
orexin-B can activate charybdotoxin-insensitive calcium-dependent potassium currents.
In primary cultured ovine somatotropes, orexin A and orexin B increased L-type calcium
currents and growth hormone secretion in a dose-dependent manner, effects that involve

PKC-mediated signaling pathways (Xu et al., 2002, 2003).

Q) Orexins and calcium currents

Initial data from heterologous expression systems and CHO cells transfected with
OX1Rs indicate that orexins elevate intracellular calcium by a mechanism involving
activation of PLC and the inositol triphosphate (IPs)-mediated release of Ca®* from
SERCA pump-dependent intracellular stores, responses that are inhibited after
thapsigargin-mediated depletion of internal stores (Sakurai et al., 1998; Smart et al.,
1999; Lund et al., 2000). However, this appears to differ from mechanisms in native
orexin receptors in neurons. For example, in laterodorsal tegmental and dorsal raphe
neurons, activation of orexin receptors is noted to engage a Ca®* influx pathway that is
separate from store-dependent mechanisms and lacks sensitivity to thapsigargin and
ryanodine (see Kohlmeier et al., 2004) . These data are consistent with observations of
thapsigargin-insensitive orexin-induced Ca®* transients in cultured hypothalamic neurons
(van den Pol, 1999), cultured cortical neurons (Xia et al., 2005), and orexin-induced Ca**
transients in isolated ventral tegmentum neurons where responses were sensitive to

extracellular [Ca2+]o (Uramura et al., 2001). The data from Kohlmeier et al (2004)
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indicate that activation of orexin receptors increases calcium influx in part via L-type
calcium channels and activation of PKC pathways. Data from recent studies in Chinese
Hamster Ovary (CHO) cells indicate that OX;Rs couple to at least three different signal
pathways to regulate adenylyl cyclase activity, implying the possible importance of
cAMP in orexin signaling (Holmqvist et al., 2005). Another study suggests that activation
of OX;Rs can lead to opening of Ca** permeable channels, events that seem to imply
involvement of the transient receptor potential (TRP) channels and PKC (Larsson et al., -

2005).

1.5 Purpose of this research

As mentioned earlier and above, the available evidence indicates that orexins
appear to exert an excitatory influence on neuronal excitability. The strong innervation of
PVT by orexin-immunoreactive fibers and prevalence of orexin receptors in PVT
supports the notion that orexins will also depolarize PVT neurons. Such an action of
orexins may be relevant to ‘orchestrating’ the activity of PVT neurons during arousal and
motivated behaviours, functions generally assigned to this thalamic nucleus. However,
since relatively little is known about the morphology and intrinsic properties of PVT
neurons, this research first examines their properties, then proceeds to evaluate how PVT
neurons respond to exogenous applications of orexin A and orexin B peptides, and lastly
to provide an intial evaluation of the conductances that may be affected by activation of

orexin receptors on PVT neurons.
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Prefrontal cortex

LATERAL
HYPOTHALAMUS

Figure 1.1. Orexin neuron-PVT connections. Schematic diagram depicts the possible
linkages from the lateral hypothalamic orexinergic (also likely glutamatergic)
neurons to PVT neurons that are known to project their axons to prefrontal cortex,
nucleus accumbens and amygdala.



CHAPTER 2

METHODOLOGY

Experiments used Wistar rats (14~21 days) of either sex. All experiments
conformed to Canadian Council for Animal Care and Ottawa Health Research Institute

guidelines on the ethical use of animals in research.

2.1 Slice preparation

The animals were decapitated with a guillotine, the brain was quickly removed
and immersed in oxygenated (95%0,-5%CO;) cooled (4~6 °C) artificial cerebrospinal
fluid (ACSF) for 2-3 minutes. ACSF contained (in mM): 127 NaCl, 3.1 KCl, 1.3 MgCl,,
2.4 CaCl,, 26 NaHCOs3, 10 glucose, pH 7.3, 300 - 310 mOsm. A block of brain tissue
containing the thalamic paraventricular region was dissected, glued to a small stage
(LOCTITE 404 cyanoacrylate glue) and covered with ACSF. Coronal slices 400 microns
thick containing anterior through to posterior PVT were made with a vibratome (Series
1000) and preincubated in oxygenated ACSF at room temperature (22~26 °C) for at least
1 hour, then transferred to a submerged chamber and superfused (2~3 ml/min) with

oxygenated ACSF at room temperature.

2.2 Electrophysiological recordings
Using the cell-attached or whole-cell patch-clamp technique, and blind recording
technique (Fig. 2.1), recordings were obtained from PVT neurons with borosilicate thin-

walled micropipettes pulled on a Flaming-Brown puller (P87). For cell attached
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recordings, patch pipettes were filled with ACSF. For whole-cell recordings, pipettes
were filled with the following solution (in mM): 135 Kgluconate, 5 KCl, 5 NaCl, 1
MgCl,, 10 HEPES, 1 EGTA, 3 Na,ATP, 0.2 GTP, pH 7.3 with KOH, 290-310 mOsmol.
Pipettes had resistances of 3~7 MQ. Access resistance <15 MQ was considered
acceptable. Lucifer Yellow (0.2%) or biocytin (0.2%) was included in the pipette solution
to label recorded neurons. Usually, only one neuron per slice was recorded. Whole-cell
current-clamp and voltage-clamp recordings were obtained with an Axopatch 1D or
Axopatch 200B (Axon Instruments, Foster City, CA). Data were filtered at 2 kHz. Data
acquisition and storage for subsequent off-line analysis were achieved with Digidata
1200 interface and clampex (pClamp9) and permanent records were made on a chart

recorder (Gould, Brush 220).

2.3 Application of agents

Agents were made up as concentrated stocks in distilled water and were
subsequently diluted to the required concentration in ACSF prior to application. Agents
included barium chloride and tetrodotoxin (TTX) from Sigma, and orexin A and B from

Bachem. All peptides and channel blockers were applied by bath perfusion.

2.4 Quantification of membrane properties

Off-line analysis was performed using Clampfit version 9 (Axon Instruments).
Resting membrane potential (Vrest) was the low-pass readout of the electrode amplifier
and was corrected for liquid junction potential (~12 mV) after terminating the recording.

Conductance was determined from the linear slope (between -50 mV to -70 mV) of the
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current-voltage (I-V; Vhold = -50mV) relationships. The spike amplitude was quantified
as the difference between the Vrest (the abrupt increase in slope depolarization) and the
peak voltage. The time to peak of AHP was estimated as the time from the peak of the
action potential to the peak of AHP. The amplitude of AHP was estimated as the
difference between the threshold and the most negative voltage reached during the AHP
(defined as the peak of AHP). These spike parameters refer to the properties of
spontaneously generated spikes or, in the case of silent cells, of spikes elicited by
injection of threshold current. The time-dependent inward rectification (In) was measured
as the difference between steady-state current and transient current during a voltage step
from -50 to -110mV (see Fig. 3.2). The time-independent inward rectification (Ir) was
measured from I-V plots by the ratio of the slope of the line fit in the -90 ~ -110 mV
range to that of the line fit in the -50 ~ -70 mV range (see Fig. 3.3). The properties of
firing patterns and hyperpolarizing responses were analyzed from voltage responses to
injected current pulses. Instantaneous firing frequency was calculated as the reciprocal of
the interspike interval (ISI). Frequency adaptation was quantified by measuring
successive spike firing frequency in a train evoked by current pulses. The spike firing
frequencies were plotted against the interval number since train onset. The spike
adaptation ratio was defined as the ratio of the frequency of the first two spikes to the
frequency of the last two spikes in the train elicited by current injections from resting
membrane potential. The spike width was measured at %2 of the total spike amplitude
(measured from the threshold level). All values presented are the means + S.E.M.
Statistical comparisons between control and experimental values (p<0.05 and better)

were determined using both the paired or unpaired Student t-test and ANOVA.

40



2.5 Histology and Immunohistochemistry

After electrophysiological recordings, slices containing labeled thalamic neurons
were fixed in a cold solution containing 4% paraformaldehyde for at least 4 hours.
Lucifer Yellow-filled neurons were subsequently visualized using dimethylsulfoxide
(DMSO; 1%). In this condition, the limits of the thalamic nuclei could be determined
visually under the microscope by differential background staining with respect to
surrounding structures. Morphology pictures for Lucifer Yellow labeled cells were taken
using confocal laser scanning microscopy (LSM 510, Zeiss). Biocytin-filled neurons
were incubated overnight in 1% stock Tris buffered saline containing 1% Triton solution
(TBS-T), and washed two times for 10 min each in 1% TBS-T. This and all subsequent
incubations were carried out in a single well of a standard well plate, gently agitated on
an orbital shaker at room temperature. Endogenous peroxidase activity was suppressed by
incubating slices in 250 pl of 30% H,0O; in 15 ml methanol for 45 min. After rinsing
again in 1% TBS-T, biocytin filled cells were stained using the ABC peroxide kit. The A
and B reagents were diluted in 1% TBS-T, and the tissue slices incubated overnight at
room temperature. The following day, slices were equilibrated twice for 10 min each in
1% Tris buffered saline and once for 10 min in acetate buffer (pH=6) at room
temperature, essential for reducing non-specific background staining. The slices were
then developed using diaminobenzidine (DAB) (in 20 ml acetate buffer containing 500
mg nickel ammonium sulfate, 40 mg B—D glucose, 8 mg ammonium chloride and 5 mg
DAB) to visualize peroxidase bound to biocytin. To react, glucose oxidase (14 pl/2 ml

DAB solution) was added for 5~10 min and the reaction stopped by washing the slices in
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acetate buffer (10 min) and TBS (twice, 10 min each). Slices were equilibrated with
increasing concentrations of alcohols (50, 75, 90, 95 and 100%) for 2 min, cleared in
100% xylene (twice, 2 min each) and mounted on glass slides. Cell morphology was
drawn using photomicrographs of PVT cells labeled with intracellular biocytin and

camera lucida.

2.6 Orexin A Immunchistochemistry

Animals were deeply anesthetized with sodium pentobarbital (70 mg/kg, i.p.) and
perfused transcardially with 0.9% saline, followed immediately by 500 ml of 4%
paraformaldehyde (Sigma) in 0.01 M phosphate buffer (pH=7.4). The brains were post-
fixed in the paraformaldehyde solution overnight and subsequently taken through sucrose
solutions (20% sucrose in 0.01 M phosphate buffered saline [PBS], pH 7.3) at 4°C until
the brains sank in the 20% sucrose solution (24 hours). The brains were then frozen and
40-um coronal sections were taken by using a cryostat microtome. Sections were placed
into an individual well containing 0.1 M PBS (pH 7.4) and stored at 5°C for at least 24
hours. For immunohistochemical processing, sections were washed twice (10 minutes
each time) in Tris buffer containing 1% triton x-100 (TBS-T) and blocked for lhour with
TBS-T containing 10% normal goat serum (NGS) at room temperature. Sections were
then washed again and incubated overnight at 4 °C with primary orexin A antibody
(1:2,000; Sigma) diluted in TBS-T containing 2% NGS. After incubation, tissue was
rinsed three times with TBS-T and then exposed to a goat anti-rabbit biotinylated
secondary antibody (1:400; Vector Lab, Burlington, ON, Canada) for 1 hour. Tissue was

exposed to avidin-biotin-peroxidase complex (ABC complex, 1:800; Vector Lab,
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Burlington, ON, Canada ) for 1 hour and stained with diaminobenzidine (DAB, Vector
Lab, Burlington, ON, Canada) containing nickel ammonium sulfate to yield a blue / black
reaction product. After the DAB reaction, the sections were mounted on gelatin-coated
glass slides and air-dried. The sections were then taken through graded alcohols
(50~100%), cleared in xylene for 10 minutes, and cover-slipped with Permount (Fisher |
Scientific) mounting medium. Sections were viewed and photographed using a Zeiss
microscope and digital camera.

Several investigators using immunocytochemistry have clearly demonstrated that
the somata of orexin-synthesizing neurons are restricted to the lateral hypothalamus while
their axons have a broad central distribution (e.g. Peyron et al., 1998; Van den Pol et al,,
1999). In confirmation of these observations, one animal was anesthetized, perfused, and
the brain prepared for orexin immunocytochemistry (see Methods). Orexin-
immunoreactive neurons were clearly visible in the lateral hypothalamic perifornical
region (Fig. 2.2A and B). Relevant to the present study was the presence of a dense
plexus of orexin-immunoreactive fibers through the rostro-caudal extent of PVT. Fig.
2.2A and C illustrates a section through the anterior PVT. The presence of numerous

varicosities suggests that these orexin fibers form synapses on PVT neurons.
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Figure 2.1. The setup for electrophysiological recordings.



Figure 2.2. Inmunohistochemical data reveal a dense distribution of Orexin fibers
in the paraventricular nucleus of thalamus (PVT; primary antibody Orexin-A;
1/2000). A: Low power image of an immunostained section illustrates orexin neurons in
the preifornical area (box B) and orexin axon terminal distribution in PVT (box C). B:
Enlargements reveal details of the lateral hypothalamic orexin neuronal field with densly
labeled cell bodies and fibers. C: Enlargement of the orexin terminal field in PVT shows
how the innervation clearly outlines the contour of this section through anterior PVT, just
below the dorsal third ventricle (D3V). Scale bars are 1 mm in A, 50 gym in B and 200
pm in C.



CHAPTER 3

PROPERTIES OF THALAMIC
PARAVENTRICULAR NEURONS (PVT)

3.1 Introduction

The anatomical and functional data reviewed in Chapter 1 support the notion that
the thalamic paraventricular nucleus (PVT) is a relay nucleus that conveys information
from the hypothalamus and other brainstem sites to telencephalic areas known for their
role in motivational aspects of behavior (Groenewegen and Berendse, 1994; Berendse
and Groenewegen, 1990, 1991; Su and Bentivoglio, 1990; Moga et al., 1995; Bubser and
Deutch, 1998; Otake and Nakamura, 1998). Although much information exists on the
cellular electrophysiology of neurons located within so-called ‘specific’ thalamocortical
relay nuclei, there is relatively little known about the properties of midline thalamic
neurons, in particular PVT. Knowledge of intrinsic properties of neurons is important for
understanding how they regulate their excitability, integrate afferent information and
formulate appropriate output firing patterns. This chapter provides an initial description
of the intrinsic passive and active properties of a sample (n=77) of neurons located within
the boundaries of the PVT as featured in the rat atlas of Paxinos and Watson (2000) and
outlined by the distribution of orexin immunoreactive fibers at the beginning of Chapter
4. Resting membrane potentials were measured within 1 min after establishing the whole
cell configuration. Cells with resting membrane potentials more positive than —50 mV

after correction of liquid junction potential were excluded in this analysis.
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3.2 Results
3.2.1 Morphology of PVT neurons

A sample of PVT neurons were labeled with intracellular Lucifer Yellow (n=12)
or biocytin (n=15). Neurons displayed morphological diversity with respect to soma
shape and dendritic arborizations. As illustrated in Fig. 3.1A-C, somata were usually
ovoid or triangular in shape, with cross-sectional diameters ranging between 7 and 20
microns. Dendritic arborizations extending for more than 300 microns varied in their
profile. Cells with 3 or more primary dendrites that extended in one general direction
(e.g. Fig. 3.1A) were usually located in the dorsal part of PVT with their dendrites
extending towards the ependymal lining of the 3" ventricle, reminiscent of the cells
described by Balercia et al (1992). A majority of neurons displayed 2-5 primary dendrites
that extended from opposite poles of the cell (e.g. Fig. 3.1B) or in all directions (e.g. Fig.
3.1C). For reasons that are unclear, axons of the PVT neurons studied here were difficult

to visualize in these preparations and could only be traced for a few tens of microns.

3.2.2 Survey of membrane properties

Basic membrane properties of 77 PVT neurons are summarized in Table 3.1.
Mean resting membrane potential was -60.2 £ 0.6 mV (range -51 to -76 mV) and mean
input conductance was 1.6 = 0.1 nS (range 0.6 to 4.0 nS). Their frequency distribution is

shown in Fig. 3.1D, E.
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3.2.3 Time dependent inward rectification (I,)

Many CNS neurons, including thalamocortical neurons, display an inwardly
rectifying current termed I, carried by both sodium and potassium ions and slowly
activated by membrane hyperpolarization (Pape, 1996; Munsch and Pape, 1999). I is |
commonly referred to as the pacemaker current because of its role in the generation of
spontaneous pacemaker activity in the heart (DiFrancesco, 1993) and the nervous system
(Pape, 1996).

During current clamp recordings in PVT, I; can be recognized as a depolarizing
sag in the membrane potential response to a hyperpolarizing current pulse (see Fig.
3.2A). To assess the value of this current, PVT neurons were voltage clamped at a
potential of =50 mV, and I, was activated by hyperpolarizing voltage steps from —40 to
—110mV as illustrated in Fig. 3.2B. Net I current, obtained by subtracting the current at
the end of a 600 msec pulse from that at the onset of the pulse at -110mV, in a sample of
58 PVT neurons was variable, ranging from 0.5 pA to 74.5 pA (Fig. 3.2D). The reversal
potential for I, measured as the point of intersection of I-V plots measured at the
beginning and at the end of the voltage pulses (Fig. 3.2C), was -40 = 2 mV (n=4), a

value consistent with a cationic type of conductance.

3.2.4 Time independent inward rectification (Ig)

Inward rectifiers are a class of potassium channels that can conduct much larger
inward currents at membrane potentials negative to the K* equilibrium potential (Ex) than
outward currents at voltages positive to it, even with equal K* concentrations (Katz,

1949; Lu, 2004). Iz currents are rapidly activated by hyperpolarization and exhibit a .
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characteristic ‘inward rectification’ that produces a prominent bend in the I-V
relationship around Ex (Hagiwara et al., 1978; Constanti and Galvan, 1983). Iz currents
are sensitive to blockade by micromolar concentrations of barium (Hagiwara et al., 1978;
Constanti and Galvan, 1983).

Current clamp recordings in PVT neurons (Fig. 3.3A) featured a time independent
inward rectification (Ig, arrow). In voltage clamp, a linear I-V relationship at membrane
potentials between -50 and -70mv displayed a variable downward bend at more negative
potentials (Fig. 3.3B, C). Values for the magnitude of Ir were determined by the ratio of
the line fit in the -90 to -110mV range / that in the -50 to -70mV range. Fig. 3.3D
illustrates the frequency distribution of Ig values for 58 PVT neurons.

Bath application of barium, a non-selective potassium channel blocker, induced a
membrane potential depolarization and an increase in neuronal input resistance at
negative membrane potentials (n= 3 cells; not illustrated), indicating that barium sensitive
K" channels underlie I in these cells. The reversal potential of the barium associated
increase in neuronal input resistance was around -90 mV approximating the reversal .

potential for potassium ions under these recording conditions (Ex = - 96 mV).

3.2.5 Membrane potential-dependent firing properties

Observations from earlier studies reveal that thalamocortical neurons can display
state-dependent patterns of activity, with tonic firing at depolarizing membrane potentials
and burst firing patterns at hyperpolarized membrane potentials (reviewed in McCormick
and Bal, 1997). Data from PVT neurons display similar properties. At rest, a majority of

PVT neurons that were recorded in these slice preparations were quiescent. A
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subpopulation of cells had relatively depolarized membrane potentials and displayed
tonic firing. A small subpopulation had relatively hyperpolarized membrane potentials

and displayed burst firing (Fig. 3.4).

To evaluate the influence of membrane potentials on patterns of firing, cells were
presented with brief (1 second) depolarizing current pulses (50 pA) while held with
continuous current injections at depolarized or hyperpolarized membrane potentials. At
resting or depolarized membrane potentials (e.g. ~ -55 mV), neurons responded to current
injection with tonic firing (Fig. 3.5A) while the same stimulus presented to the same
neurons held at more hyperpolarized membrane potentials (e.g. ~ -75 mV) elicited a burst
firing pattern that was composed of a low threshold spike (LTS) and burst of action
potentials (see Fig. 3.5B). When examined in more detail, the first action potential from
these two firing patterns (n= 34) revealed no significant difference for their amplitudes
(57.9 £ 1.7 mV for tonic firing; 59.1 + 1.8 for burst firing; Fig. 3.5C), but did display a
significant difference in their thresholds such that the threshold of the first spike in burst -
firing occurred at a more negative value (-43.5 + 0.5 mV) than that for tonic firing (-36.9
+ 0.6 mV; n=34; P<0.05; Fig. 3.5D). Significant differences were also noted in the action
potential widths (Fig. 3.5E): mean half-width measurements were larger for the spike in
tonic firing (2.2 £ 0.1 ms) compared with that in burst firing (1.6 = 0.1 ms). Also,
measurements of the interval between the initial two action potentials were significantly
different, corresponding to a firing frequency of 20.1 + 1.5 Hz for tonic firing versus 83.0

+ 7.3 Hz for the burst induced pattern (Fig. 3.5F).
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3.2.6 Low threshold spike (LTS) characteristics

The production of a low threshold T-current driven burst of action potentials upon
release from a hyperpolarized membrane potential and the production of one or more
single spikes following stimulation from depolarized potentials is a well established
property of thalamocortical neurons in the specific relay nuclei (McCormick and Bal,
1997). However, to date, little information exists about the properties of the LTS in PVT
neurons. In current clamp recordings, one approach tested for the voltage dependency of
the LTS by applying three different levels of hyperpolarizing current (30, 40, 80 pA) for
600 msec, evoked from resting membrane potentials near -60 mV. As illustrated in the
sample in Fig. 3.6A, the larger the hyperpolarizing pulse, the larger was the evoked LTS
and the greater the number of action potentials per burst. This is interpreted to mean that
with progressively larger hyperpolarizing pulses, a larger number of T channels become
de-inactivated and are therefore able to contribute to the LTS. By contrast, when cells
were held at a hyperpolarized membrane potential sufficient to de-inactivate all the T
channels (e.g. -75 mV), the LTS evoked by increasing supra-threshold current injections
of 20, 40 and 60 pA showed little change in amplitude (Fig. 3.6B). In voltage clamp, data
from 24 PVT neurons illustrate the voltage dependency of the T current and indicate that
most of the T channels are likely to be de-inactivated at membrane potentials more
negative than -80 mV (Fig. 3.6 C, D)

In current clamp recordings obtained at resting membrane potentials, the LTS

triggered by return to resting potentials from a 600 ms hyperpolarizing current pulse
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(-80pA) was followed by variable patterns of activity. Sample traces in Fig. 3.7A-D serve
to illustrate this variability. In 17 PVT neurons, the LTS was followed by a short
depolarizing afterpotential (DAP) with a subsequent small afterhyperpolarization (Fig.
3.7A). In 25 PVT neurons, the LTS was followed by a DAP that lasted for more than a
second (Fig. 3.7B). In 9 neurons, an intermediate duration DAP gave rise to one or more
single spikes followed by a variable AHP (Fig. 3.7C). In 11 neurons, the LTS was
followed by a sequence of rhythmic bursts at 0.5-2.2 Hz with intervening AHPs could
last for several seconds (Fig. 3.7D).

PVT neurons (n=24) were recorded in voltage clamp so as to quantify the
magnitude of the T current giving rise to the LTS. To insure that the T channels were de-
inactivated, the protocol applied in the presence of tetrodotoxin (see Fig. 3.7E) was to
step the membrane from a -65 mV holding potential to -100 mV for 600 msec, then
measure the T current at the offset of the voltage pulse. The frequency distribution of the
values of the T currents for this sample of PVT neurons is shown in Fig. 3.7F (mean 331

+ 35 pA; range 106 to 694 pA).

3.2.7 Action potential after-hyperpolarizations (AHPs)

In many excitable cells, action potentials are followed by after-potentials that
regulate the excitability of the cell for periods ranging from a few milliseconds to several
seconds (Storm, 1990; Bourque et al., 1985). After-potentials that follow single spikes, or
a train of spikes, can mediate different forms of feedback regulation of membrane
excitability. Potassium channels activated by the action potential mediate outward

currents and tend to hyperpolarize the cell, thus generating after-hyperpolarizations
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(AHPs) that mediate negative feedback and are the determinants of refractoriness,
interspike interval durations and spike timing (Marty, 1989; Vergara et al., 1998). In
addition, inward currents evoked by action potentials can generate afterdepolarizations
(ADPs) that mediate positive feedback and extra spikes and bursting behaviours (see Yue
et al., 2005).

In PVT, different patterns of AHPs, with or without an ADP, followed individual
action potentials. This variation most likely reflects the mosaic of neuronal types that
comprise the PVT. Examples of AHPs include a fast AHP that decayed monotonically
over several tens of milliseconds (Fig. 3.8A), a fast AHP that was followed by a short
ADP and a subsequent slow AHP (Fig. 3.8B), and AHPs with fast and slow components
(Fig. 3.8C). AHP amplitudes (measured from threshold) ranged from 6.8 to 10.0 mV.
Time to peak of the AHP (measured from the peak of the action potential) for the fast
AHP was 6.3 + 0.4 (range 4 to 9.9 ms; n=18) and time to peak of the slow AHP was 46.9
+ 4.7 (range 15 to 103 ms; n= 27).

In many CNS neurons, bursts of action potentials may be followed by AHPs of
longer duration (sometimes termed hyperpolarizing afterpotentials, or HAPs; e.g.
Bourque et al., 1985). In the present study, depolarizing current injections of increasing
levels (20, 40, 60 pA) were applied at resting membrane potentials so as to trigger bursts
of tonic action potentials at different frequencies, and the ensuing AHPs evaluated for
duration and amplitude (see Fig. 3.9A). As illustrated in Fig. 3.9B, a plot of AHP
amplitudes versus the number of action potentials in a train revealed a significant positive

relationship (p< 0.001; Pearson correlation; correlation coefficient 0.60; n=8 neurons),
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presumably because an increasing numbers of spikes causes an increase in intracellular

calcium that in turn enhances a calcium-dependent conductance that underlies the AHP.

3.2.8 Spike frequency adaptation (SFA)

In response to sustained supra-threshold inputs or current injections, many classes
of neurons exhibit a time-dependent decline in action potential discharge rate (e.g.
Michaelis and Chaplain, 1975). This phenomenon, termed spike frequency adaptation or
SFA, has a rapid initial phase followed by a slow gradual decline that may continue
throughout the duration of firing. Examination of current evoked firing revealed the
general characteristics of early and late SFA in the majority of PVT neurons, with some
heterogeneity. The latter refers to a subgroup of cells that demonstrated the reverse (see
Fig. 3.10A;;;). The SFA ratio was calculated as Finit/Ffinal (where Finit is the initial
inter-spike interval, and Ffinal is the last inter-spike interval). PVT neurons displayed
SFA ratios ranging from 1.1 to 3.2 in spikes triggered by a 50 pA current injection lasting
for 1 second ; Fig. 3.104; ;). Neurons characterized by a SFA profile did not shift to a
non-adapting phenotype during increasing depolarization steps (Fig. 3.10B, C; n =7 cells
tested). The SFA ratio was more pronounced with larger current injections (P<0.05;

Pearson correlation analysis, Fig. 3.10D; n= 4 cells).

3.2.9 Action potential broadening
Broadening of action potentials during repetitive firing is a widespread
phenomenon in neuronal somata, dendrites and axon terminals (e.g. Aldrich et al., 1979;

Bourque and Renaud, 1985; Jackson et al., 1991). Intracellular recordings were obtained
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from 30 PVT cells and spike trains were elicited by injecting 50 pA depolarizing current
pulses lasting for 1 second, evoking an average 13 + 1 action potentials for each train. In
all cells the second action potential in a train was significantly broader than the first
(P<0.0001, Student’s two-tailed paired ¢ test; Fig. 3.11A). The spike duration increased
by 20 * 2% from the 1st spike (2.3 + 0.1 ms) to the 2nd spike (2.8 + 0.2 ms), accounting
for ~55% of the total spike broadening over the duration of the train. While most of the
broadening occurred within the initial two to three action potentials (Fig. 3.11Bi, Ci;
n=16 cells), the phenomenon in other cells broadened progressively till the end of the
train (Fig. 3.11Bii, Cii; n=14). Accompanying the broadening was a reduction in the fast
AHP (Fig. 3.11A, 3.12A) and change in the shape of the second spike where the
broadening exaggerated a 'shoulder' on the repolarization phase of the action potential
(Fig. 3.12B).

Spike broadening has been shown to be frequency dependent in a number of
different neurons (Aldrich et al., 1979; Quattrocki et al., 1994; Ma and Koester, 1996;
Shao et al., 1999). To test for this property in PVT neurons, action potentials were
evoked with 20, 40 and 60 pA depolarizing current injections and broadening compared
between the first and second spikes as their interspike interval decreased (see Fig. 3.12A).
Action potentials evoked by larger current injections fired at higher frequencies and
showed greater broadening (Fig. 3.12A). The mean frequency of discharge between the
first two spikes was 6 + 1 Hz with a 20 pA current injection, 12 + 3 Hz for a 40 pA
current injection and 25 + 8 Hz for a 60 pA current injection (n =4). In data obtained

from 4 neurons, the average action potential half-width increased between the first two
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spikes by 17 £ 1 % with a 20 pA current injection, by 29 + 2% (P < 0.001) with a 40 pA

current injection and by 50 + 2% (P < 0.001) with a 60 pA current injection (Fig. 3.12C).
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Membrane Property n Mean = SEM

Passive membrane properties

RMP, mV 77 -60.2 £ 0.6

G-conductance, nS 77 1.6 0.1
(fit — 50 to — 70)

Action potential (AP) properties

AP threshold, mV 77 43.1+0.5
AP amplitude, mV 77 62+1
Half amplitude duration, ms 77 20+0.1
AHP peak amplitude, mV 29 13.4+0.7
f-AHP time to peak, ms 18 6.3+04
s-AHP time to peak, ms 27 46.9 +4.7
Iy, (pA; -110 mV pulse) 58 182+2.0
Ir (ratio G-90 to-110/-50 to-70 mV) 77 50x03
T- current size (pA; -110 mV pulse) 24 -331+35
AP shoulder on repolarization phase 8/33 24%
Tonic firing (RMP, 50 pA pulse)

Delay to first spike, ms 33 67.7+19.5
First spike amplitude, mV 33 579+ 1.7
First spike threshold, mV 33 -36.9+0.6
First spike half amplitude duration, ms 33 2201
Initial firing rate, Hz 33 20.1+1.5
Spike frequency adaptation ratio 30 1.7+0.1
Post train afterhyperpolarization, mV 33 6.8+0.7
Spikes in the train, n 33 13+1
Maximum spike broadening 30 136% + 4%
Burst firing (-75mV, 50 pA pulse)

Delay to first spike, ms 33 47.8+2.9
First spike amplitude, mV 33 59.1+1.8
First spike threshold, mV 33 -43.5+0.5
First spike half amplitude duration, ms 33 1.6 £0.1
Initial firing rate, Hz 33 83.0+73
Post train afterhyperpolarization, mV 33 7.1+£0.5

Table 3.1. Summary of intrinsic properties of PVT neurons. Results are expressed
as mean + standard error.
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Figure 3.1. Morphology and passive membrane properties. A-C: Lucifer Yellow
profiles of 3 representative PVT neurons as visualized with confocal laser scanning
microscopy. D, E: Frequency histograms of the distribution of resting membrane

potential (R.M.P.) and membrane conductances for 77 PVT neurons.
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Figure 3.2. Hyperpolarization-activated current (Ih). A: A current clamp trace
(above; RMP -55mV) illustrates the Ip-induced depolarizing “sag” in membrane voltage
response to a sustained -80 pA hyperpolarizing current pulse (lower trace). On return of
membrane potential to the resting level, note the low threshold spike (LTS) with a single
superimposed sodium action potential, followed by a long depolarizing afterpotential
(DAP; dashed line). B: Superimposed traces in voltage clamp recordings from the same
neuron illustrate current responses to 8 voltage steps, from —110mV to 40mV. At -110
mV, I; is measured as the difference between the current at the onset of the pulse (o;
dashed red line) and at the end of the pulse (@). A prominent T type current (Ir) occurs
at the offset of the pulse. C: I-V plots constructed from values taken at the beginning of
the pulse (I; o) and the ‘steady-state’ values (I;s; @) reveal I as time-dependent
rectification. Convergence of these lines around -45mV (arrow) suggests a non-selective
cationic type conductance. D: Frequency distribution histogram of I, for 58 neurons,
based on subtraction of I@® from IO -110mV. Red star refers to the cell illustrated in B.
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Figure 3.3. Inward rectification (Ir). A: Superimposed current-clamp tracings (above;
RMP -63mV) in response to a series of intracellular current pulses (below) reveal time-
independent inward rectification (Iz; arrow). In this neuron, a small
afterhyperpolarization (AHP) follows the LTS. B: Iy is revealed in superimposed current
traces in voltage clamp mode from the same neuron in response to a series of voltage
pulses from —110mV to -40mV. Measurements are obtained at the symbol (@). C: I-V

plots constructed from the values taken at steady-state ( @ ) reveal the inward
rectification. Values for Iz are determined from the ratio of the line fit in the -90 to -
110mV range to that in the -50 to -70mV range (dashed lines 2 / 1). D: Ig frequency
distribution histogram for 77 cells. The red star refers to the value for the cell illustrated
in B.



400 ms

20 mV|
10s

-55mvV ﬂl
I ™ ol s

35 n=52

307

251

201

151

Number of cells

101

Tonic firing Burst firing Quiet cells

Figure 3.4. Spontaneous activity patterns. A: Current clamp trace from a PVT neuron
reveals tonic firing (4.3 = 0.20 Hz) at a resting membrane potential of -55 mV. B: Trace
from another PVT neuron with a relatively hyperpolarized resting membrane potential
displays a series of spontaneous burst discharges. Note that each burst displays a low
threshold spike with superimposed action potentials, and that the second and subsequent
bursts are followed by a small afterhyperpolarization. C: Histograms depict the
distribution of spontaneous activity among 52 PVT neurons: tonic firing (n=11); burst
firing (n=11); quiet cells (n=30).
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Figure 3.5. Membrane potential-dependent firing properties. A: At resting membrane
potential (-57 mV), this neuron displays tonic firing in response to a depolarizing current
pulse (0.05 nA, 1s). B: After manual adjustment of membrane potential to -75 mV by
injection of constant current, the same depolarizing current pulse evokes a low-threshold
spike (LTS) superimposed with a crown of action potentials. Inset reveals a more
hyperpolarized threshold and shorter duration of the initial action potential for the burst
induced response. C-F: Histograms for data from 34 neurons treated in this manner
reflect initial action potential amplitudes, thresholds, half widths and firing frequency of
the first two spikes (*** represents P < 0.001).
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Figure 3.6. LTS and T-current properties. A: Current clamp traces illustrate
increasingly larger amplitudes of the LTS evoked at the offset of increasingly larger
hyperpolarizing current injections delivered from resting membrane potentials. B: By
contrast, when held at a hyperpolarized membrane potential, the LTS (around 30 mV)
evoked in response to increasingly larger depolarizing current injections remains
relatively unchanged in amplitude. C: Traces in voltage clamp recordings in TTX
illustrate that larger T currents are evoked at more hyperpolarized membrane potentials.
D: Histogram of voltage clamp data from 24 neurons reflect increasing T currents elicited
as membrane potential is stepped to more hyperpolarized levels.
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Figure 3.7. LTS and T current properties. A-D: Current clamp traces reflect the
heterogeneity in LTS and afterpotential profiles following removal of hyperpolarizing
current injections. A: LTS followed by a small afterhyperpolarization (AHP; below the
dashed line). B: LTS followed by a long duration depolarizing afterpotential (DAP). C:
LTS followed by an intermediate DAP and subsequent AHP. D: LTS with subsequent
oscillatory behavior. E: T currents were measured in voltage clamp recordings in TTX
(Vy -65mV) after removal of a 600 msec step to -100mV, sufficient to de-inactivate most
It channels. F: Frequency distribution of T-current amplitudes for 24 PVT neurons. The
red star refers to the value for the cell illustrated in E.
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Figure 3.8. Profile of single action potential afterhyperpolarizations (AHPs). A:
Sample current clamp trace from a neuron exhibiting a fast AHP (arrowhead) that decays
monotonically. B: Trace from a neuron that exhibits a AHP with a fast (arrowhead) and
slow (closed circle) component intercalated by a afterdepolarization (ADP) (arrow). C:
Trace from a neuron that exhibits a fast AHP followed by a slow component. Action
potentials are truncated.
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Figure 3.9. Post burst AHPs. A: Current clamp traces (above) at resting membrane
potential reveal a train of action potentials evoked by current pulses (below) of 20, 40 and
60 pA. Coincident with an increase in the number of action potentials is an increase in the
amplitude of post-burst AHPs (arrows). B: When spike numbers and size of the post-train
AHP are normalized to their maximum value recorded here at 60 pA, a plot of the
number of spikes against the size of the post-train AHP (n= 8 neurons) shows a

significant positive relationship (P<0.001, Pearson correlation; correlation coefficient
0.60; slope 0.74).
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Figure 3.10. Action potential frequency adaptation. Ai: Current clamp trace illustrates
modest spike frequency adaptation (SFA) in action potentials evoked by a SOpA current
injection. Aii: Current clamp trace from a PVT cell that displays ‘reverse’ SFA to the
same stimulus. Aiii: Histogram data of the SFA ratio for 28 cells displaying SFA (black)
and 5 cells displaying reverse SFA (red). B: Traces reflect spike frequency adaptation in
action potential trains evoked by 1s current injections of 20, 40 and 60 pA from a resting
membrane potential of -55mV. C: Plot of the spike frequency for each interspike interval
from the current injections shown in B. D: Plot of the spike frequency adaptation (SFA)
ratio (see text) against the injected currents for 4 neurons. Significant differences are
observed between spike trains from different current injections (*P<0.05 and **P<0.01
based on student’s two-tailed paired ¢ test).
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Figure 3.11. Action potential broadening. A: Depolarizing current pulses (50 pA, 1sec)
induce trains of action potentials that demonstrate spike frequency adaptation and
successive spike broadening as reflected in the enlarged superimposed profiles for the
first 5 spikes in a train (red boxes). Note the prominent fast AHP (arrow) after the first
spike. B: Plot of the spike width (measured at 50% amplitude) for the series of action
potentials within the trains shown in A reveals that the greatest broadening occurs early
in the train. C: Plot of the change in action potential durations for the first 5 action
potentials in 16 neurons tested as in A.
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Figure 3.12. Frequency dependent spike broadening. A: Action potential trains were
evoked by 1s current injection of 20, 40 and 60 pA. Note the increase in the frequency of
action potential discharge with increasing current injections, progressive reduction in the
amplitude of the AHPs after the first spoke (arrows), and increase in the amplitude of the
post-burst AHP. B: The first and second action potentials have been superimposed for
each current injection to demonstrate the increasing ‘shoulder’ on the repolarizing phase
of the second spike. C: Histogram summary data for 4 neurons of the spike broadening
in the first two spikes at different current injections shown in A (*P<0.05 and **P<0.01
refer to differences in half width between the initial two spike; Student’s two-tailed
paired ¢ test).



CHAPTER 4

RESPONSE TO EXOGENOUS OREXIN A AND B

4.1 Introduction

The discovery and structural characterization of the orexin peptides in 1998 was
quickly followed by the development of markers that allowed for the visualization of the
central distribution of orexin neuronal projections as well as the receptors for orexin A
and B to be mapped in detail. As mentioned earlier, the PVT is one site that receives a
particularly dense distribution of orexin immunoreactive axons throughout its full extent.
Neurons in many locations have now been seen to respond to exogenous application of
orexin peptides with membrane depolarization (see Chapter 1). The experiments reported
in this chapter tested the hypotheses that a) orexins would also induce membrane
depolarization and firing in PVT neurons by acting at both orexin A and B receptors, and
that b) the state dependent properties of PVT neurons could be a determinant in the
pattern of firing evoked during these responses. Objectives included a) assessment of the
magnitude of the response to orexin A and B peptides, b) description of membrane
potential-dependent changes in firing, and c) formulation from voltage-current plots
about the nature of the conductance(s) mediating the responses to activation of orexin

receptors.

55



4.2 Results
4.2.1 Orexin increases cell excitability: cell attached studies

Initial studies using the cell attached mode tested for a response to bath applied
orexin. Initial efforts proved somewhat difficult because many PVT neurons
demonstrated little spontaneous activity. Therefore experiments were performed using
brief infusions of glutamate (1 mM, 1~2 minutes) in the bath to verify that there was
indeed a neuron at the end of the micropipette. As illustrated in Fig. 4.1, 3 of 5 PVT
neurons thus recorded were responsive to bath applied orexin A (200 nM), increasing
their action potential discharge frequency from 0.15 + 0.04 Hz to 2.28 + 0.07 Hz
(P<0.001, Student’s ¢ test ), a response that typically recovered within 3-4 minutes after

washout (Fig. 4.1A and B).

4.2.2 Orexin-induced depolarization: whole cell current clamp observations

From a total of 47 neurons tested for a response to a 2 minute bath application of
orexin A and/or orexin B (200 nM), 31 neurons were observed to respond with
membrane depolarization. As illustrated in Fig. 4.2, a typical response in otherwise silent
neurons was a slowly rising (~ 2 minutes to peak) membrane depolarization that reached
a plateau of 7.1 + 0.6 mV (n=31) with membrane potential slowly returning to the resting
level after ~12 minutes. Neurons responded to repeated applications after washout
intervals of 30 minutes (n= 12 cells tested), although commonly with smaller magnitudes

of response.
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The overall magnitudes of first response to 200 nM doses were similar, 7.8 £ 0.7
mV for orexin A (n=19) and 6.1 £ 0.8 mV for orexin B (n=12). This would be consistent
with in-situ hybridization data that indicate both OX;R and OX;R are present in PVT.

As demonstrated in Fig. 3.5A, PVT neurons display state-dependent firing
patterns. Thus it is conceivable that an orexin-induced depolarization might be sufficient
to change a neuron from a burst firing mode to a tonic firing pattern. To test this
hypothesis in PVT neurons, a transient hyperpolarizing current pulse sufficient to
generate a low threshold spike upon return to baseline was applied and the pattern
monitored during an orexin-induced depolarization. Indeed, in all 5 cells tested and as
illustrated in the amplified inserts in Fig. 4.2A, the low threshold spike disappeared as the
membrane potential depolarized under the influence of orexin peptide, and was replaced
by tonic firing at the peak of the response.

In Chapter 3 it was mentioned that a minority of PVT demonstrated spontaneous
LTS-based burst discharges when recorded in whole cell mode (Fig. 3.4). Only one such
neuron was tested with bath applied orexin A (200 nM; Fig. 4.3A). This neuron
responded to orexin with a membrane depolarization of ~5 mV, presumably insufficient
to induce tonic firing, but sufficient to cause a change in bursting activity such that
individual LTS-based bursts became more frequent (from 0.05 Hz to 0.09 Hz values), the
afterdepolarizations (DAPs) more prolonged (from 633.2 + 13.9 ms to 1237.8 + 49.8 ms;
n= 17) with increased number of action potentials on the crest of the DAP (from 4.6 £ 0.3

to 6.9 + 0.3; n= 17 bursts measured; see Fig. 4.3B).
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4.2.3 Orexin-induced inward current: observations in voltage clamp mode

To address membrane conductances, orexin-induced responses were further
examined in voltage clamp mode (Vg = -65 mV) in the presence of 1 mM TTX to
eliminate sodium-dependent action potentials and synaptic transmission. In 18 / 28 cells
tested, orexin 200 nM induced a slowly developing inward current (peak 16.9 + 1.8 pA)
that recovered slowly over 10 mins (e.g. Fig. 4.4A). These results confirm a direct
postsynaptic action. Overall, both orexin peptides evoked a similar magnitude of
response (17.3 £ 3.4 pA for orexin A (n=8) and 15.1 + 2.2 pA for orexin B (n=10)).

To evaluate possible ionic conductances involved, voltage current relationships
before and during orexin-induced responses were subtracted and the net orexin-induced
currents compared. Three different patterns became apparent. One group of 5 neurons
demonstrated a net orexin-induced conductance that decreased from a control of 2.0 + 0.2
to 1.8 £ 0.3 nS (P< 0.05, paired #-test) and reversed at -108.0 + 5.1 mV, a value
approximating the potassium equilibrium potential under these conditions (Fig. 4.5).
Thus, in neurons displaying such patterns, the orexin-induced inward current and
membrane depolarization was likely mediated via reduction in one of more potassium ion
conductances. In 3 / 3 PVT neurons tested, barium (1 mM) mimicked the orexin effect by
inducing an inward current of -18 £ 6 pA which reversed at -101 = 2mV, and was
associated with a decreased orexin induced inward current (-8.6 £ 1.3 pA; p=0.024)
suggesting that the involved conductance is partly barium-sensitive.

By contrast, in another 6 cells, the slope of the net orexin-induced current
increased from a control of 2.0 £ 0.3 to 2.2 + 0.3 nS (P< 0.05, paired #-test) with current

reversing at -38.0 + 3.8 mV (e.g. Fig. 4.6). In neurons demonstrating such patterns, the
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orexin-induced response appeared to be mediated via an increase in a nonselective
cationic conductance. In the remaining 4 cells, the mean net orexin-induced current
displayed a non-significant reduction in membrane conductance (from 1.9 + 0.1 to 1.7 +

0.1 nS; P= 0.09, paired z-test) and a parallel shift (e.g. Fig. 4.7).
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Figure 4.1 Orexin excites a population of PVT neurons. A: Sample of a cell attached
recording demonstrates orexin A-induced increase in spike discharges. B: Plot of the
spike firing frequency during the process of orexin application shown in A. C: Histogram
data from 3 (out of 5) PVT neurons indicate mean effect of orexin A (200 nM) on spike
frequency (***P < (0.001, Student’s two-tailed paired ¢ test).
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Figure 4.2 Orexin-induced depolarization changes firing patterns. A: Current clamp
trace from an anterior PVT neuron illustrates an orexin-induced (red bar) slowly rising
and prolonged membrane depolarization (resting membrane potential -58 mV). Vertical
lines represent transient hyperpolarizing current injections (250ms; -60pA; 0.04 Hz) that
trigger a LTS and burst of action potentials prior to drug application (see below,
expanded trace #1). During the orexin-induced depolarization, the LTS is inactivated and
the cell displays tonic firing (expanded trace #2). The LTS recovers upon return of the
membrane potential to resting levels (expanded trace #3). B: Histograms depict similar
amplitudes of membrane depolarization for orexin A (200 nM; n=19, black bar) and
orexin B (200 nM; n=12, red bar).
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Figure 4.3 Orexin-induced depolarization enhances spontaneous burst discharges.
A: Whole-cell current clamp recording from an anterior PVT neuron (RMP -71 mV) that
displays spontaneous LTS-dependent burst discharges at rest (arrows 1 and 3).
Application of orexin A (200nM, 2.3 minutes) is followed by a 5 mV membrane
depolarization (5 mV), and changes the LTS-dependent burst discharges by increasing
their frequency and width of the depolarizing afterpotential (DAP) such that each now
induces a larger number of sodium spikes at a higher frequency (arrows 2 and 4). B:
Histograms of pooled data from 17 burst discharges of this neuron illustrate the orexin-
induced increase in frequency of burst discharge, mean duration of the DAP and number
of spikes per burst (***P<0.001 based on student’s two-tailed paired # test).
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Figure 4.4 Orexin induces inward currents. A: Voltage-clamp trace (Vh = -50mV)
illustrates slow inward current subsequent to bath applied orexin (200 nM) for 2 minutes.
B: Histograms for a population of cells thus tested indicate no difference in the
magnitude of the inward currents induced by orexin A (200 nM; n=8, black bar) or orexin
B (200 nM; n=10, red bar).
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Figure 4.5 Net orexin A-induced current that reverses close to -100 mV. A: Voltage-
clamp recordings obtained in the presence of TTX before (left) and at the peak (right) of
an orexin-induced response (200 nM). B: I-V plots constructed from values taken at the
beginning of the pulse (open and closed symbols, respectively) and the net orexin-
induced current (red triangles) illustrate reduction in current and reversal near -110 mV.
C: Mean net orexin (A or B) current for 5 PVT neurons that display a similar response
profile with reduction in membrane conductance and reversal close to the potassium
equilibrium potential.
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Figure 4.6 Net orexin B-induced current that reverses near -40 mV.

A: As per the protocol applied in Fig 4.5, voltage clamp recordings under control and at
the peak of the orexin-induced response. B: I-V plots and net orexin-induced current for
this neuron reveals reversal close to -40mV. C: Mean net (orexin A or B) current for 6
PVT neurons indicates increase in membrane conductances with reversal near -35 mV.



Control Orexin

n=4

Voltage (mV) 100 r100 .
120 -100 -80 -60 -402’_/-30 O vetege () - ::5
2 :
-100 = 420 -100 -80 60 -40 -20 3
T T 0 s
-200 3 e S SHPE S MM g
- net Orexincurrent | 500 > g

- -400 --100

Figure 4.7 Net orexin A-induced current with no reversal within the voltage range
tested. A, B: Using the same recording protocol and measurements as depicted in Figures
4.5 and 4.6, the I-V lines remain parallel (parallel shift) with no reversal. C: Mean net

orexin (A or B) current for 4 neurons lacks a reversal in the voltage range tested (20 to
110 mV).



CHAPTER 5

DISCUSSION

5.1 Discussion of properties of thalamic paraventricular neurons.

Deta present here are the first report on the intrinsic conductances specific to
PVT, the important relay between hypothalamic and brain stem structures and
telencephalic areas. Data indicate that PVT, for the most part represent a homogeneous
population with respect to expression of active intrinsic membrane conductances that
include: time-dependent and time-independent inward rectification, state-dependent
burst or tonic firing patterns, T-type currents and low threshold spikes, action potential

after hyperpolarizations, spike frequency adaptation and spike broadening.

5.1.1 Time-dependent inward rectification (Ip,)

Time dependent inward rectification was first discovered more than 20 years ago
(Brown and Difrancesco, 1979). Because its hyperpolarization-activated properties were
considered unique, it received the term If (f for funny) in cardiac (Brown and
Difrancesco, 1979) and Iq (q for queer) in hippocampal neurons (Halliwell and Adams,
1982). Now termed Iy, this conductance is recognized as a ubiquitous component of a
wide variety of neuronal and non-neuronal cells. I; is a mixed sodium/potassium
conductance whose activation produces an inward current that slowly depolarizes the
membrane (Pape, 1996) and is believed to underlie a depolarizing “pacemaker’ potential
observed in many cells throughout the brain, including the thalamus and the cortex
(Huguenard and McCormick, 1992; McCormick and Bal, 1997; Robinson and

Siegelbaum, 2003). Thus it seems that I, may contribute to the oscillatory activity found
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in PVT thalamocortical neurons. The expression of I is correlated with the expression of
types 2 and 4 hyperpolarization —activated cyclic nucleotide-sensitive cation nonselective
(HCN) mRNAs, which are highly expressed in anterodorsal thalamus (Santoro et al.,
2000). In addition to pacemaker activity, physiological roles ascribed to I include control
and limitation of resting potential, control of membrane resistance and dendritic
integration, and regulation of synaptic transmission (reviewed in Robinson and

Siegelbaum, 2003).

5.1.2 Time independent inward rectification (Ig)

Inwardly rectifying potassium channels (Kir), first found in skeletal muscle, can
conduct more current when the membrane potential is hyperpolarized than when it is
depolarized from the K* equilibrium potential by an same amount, even with equal K*
concentrations ([K']) on both sides of the membrane (Katz, 1949; Hodgkin and
Horowicz, 1959; Hagiwara and Takahashi, 1974; Hagiwara et al., 1976). These K*
channels accomplish numerous biological tasks (Hille, 2001) such as controlling the
resting membrane potential, regulating cardiac and neuronal electrical activity, secretion
of neurotransmitters and hormones, and maintaining electrolyte balance. Some inwardly
rectifying K* channels can be modulated by external signals, such as hormones,
neurotransmitters through the activation of specific G-proteins, and the internal metabolic
state of the cell (Jan and Jan, 1997). The 15 mammalian genes products related to the Kir
family have been classified into seven subfamilies (Kir 1-7), encoded by at least 12
genes (Doupnik et al., 1995). In-situ hybridization studies show that the Kir channel

subunits are differentially expressed in the mammalian CNS (Bredt et al., 1995; Karschin
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et al., 1996). Kir4 and Kir7.1 channels are strong inwardly rectifying channels involved
in setting the membrane potential, buffering extracellular potassium and modulating the
waveform of the action potential in neurons. Kir3 is also strong rectifier and activated by
Gpy. The majority of PVT neurons display modest inward rectification, and channels

from the Kirl, 2, 4 or 7 families may contribute to rectification in these neurons.

5.1.3 Membrane potential-dependent firing properties
All PVT cells exhibit distinct membrane potential-dependent activity patterns —
tonic firing and burst firing, key features of many thalamocortical neurons (Bal et al.,
1995; Crunelli et al. 1989; Jahnsen and Llinas, 1984a, b). Studies show that the firing
mode depends on the activation state of voltage-gated, T-type Ca®* channels in the soma
and/or dendrites (Llinas and Jahnsen, 1982; Steriade and Llinas, 1988; Sherman and
Guillery, 1996). At depolarized membrane potentials (>~ -60 mV, for about 50~~100ms),
It is inactivated and the neuron responds to an excitatory input (e.g., an EPSP) with a
single spike, or to a sustained depolarizing pulse with tonic firing. On the other hand,
hyperpolarization (< ~ -65 mV, maintained for about 50~~100 ms) removes this
inactivation, so It is de-inactivated and response on return to resting levels or to a
suprathreshold depolarization will be a T current dependent low-threshold Ca®* spike
(LTS) crowned with a burst of action potentials (Sherman, 1996; Reinagel et al., 1999).
Both tonic and burst firing modes efficiently relay information to the cortex in
behaving animals, but have markedly different consequences for information processing:
in tonic mode, a cell’s firing rate faithfully and linearly reflects the amplitude and

duration of an excitatory input; in contrast, burst mode produces a less linear relay of
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information, but the information relayed has greater detectability because of a greater
signal-to-noise ratio and stronger activation of postsynaptic cortical targets. Therefore,
those firing mode strongly affects the nature of the signal that is relayed to the cortex
(Sherman, 2001).

Although bursting is relatively rare during full wakefulness and more common
during slow-wave sleep, drowsiness or certain pathological states, evidence of burst
firing, together with tonic firing has been reported in various species during waking
behavior (Sherman, 2001). Recent data from rodents, cats and monkeys suggest that burst
firing serves as a wake-up call for the detection of novel, previously unattended stimuli in
the wakeful state. For PVT, whether the burst mode appears in the wakeful state requires
further testing. What is apparent here is that orexin receptor activation appears capable of
attenuating these state-dependent intrinsic membrane properties, thereby influencing the
patterns of activity of these cells. While the present analysis was conducted on neurons at
a circadian time corresponding to the rat quiet period (daylight), it would be interesting to
perform the same experiments on neurons at a circadian time corresponding to the
animal’s active period (in the dark). One might speculate that the intrinsic properties of
these thalamocortical neurons will be different, that more neurons will be in a state of
depolarization, and perhaps firing in a spontaneous tonic mode. Whatever the situation, it
is likely that firing patterns play an important functional role within individual basal-
ganglia-thalamocortical circuits (Lu et al., 1993; McCormick, 1992; Sherman, 1996;

Sherman and Guillery, 1996).
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5.1.4 Ion channels mediating the low threshold spike

Due to heterogeneity of channels and lack of selective blockers, it remains a
challenge to decipher the channels and subunits mediating the low threshold spike (Ertel
and Ertel, 1997). Cloning of three subunits a1G, alH and all (Klugbauer et al., 1999;
Williams et al., 1999), also termed Cav3.1, Cav3.2, Cav3.3 (Cribbs et al., 1998; Perez-
Reyes et al., 1998; Lee et al., 1999b) has facilitated analyses of the biophysical properties
(distinctive voltage dependence, kinetics, and single channel conductance) of this T-type
Ca®* channel family (Carbone and Lux, 1984; Huguenard, 1996). PVT has higher levels
of alG expression, low levels of all expression and no detectable alH expression
(Talley et al.,, 1999). Further classification of the subunit specificities within PVT
neurons may result from discovery or development of selective antagonists and/or by

utilizing a single-cell molecular approach.

5.1.5 Afterhyperpolarizations (AHPs)

In all PVT neurons, action potentials are followed by afterhyperpolarizations
(AHPs), important determinants of neuronal excitability and firing patterns. In general,
three overlapping kinetic components of AHPs (ie. fast, medium and slow) can be
distinguished, generated by three broad families of calcium-activated potassium channels,
called BK, SK, and IK channels (e.g. Sah, 1996).

A fast AHP (fAHP) immediately following the action potential typically lasts 1-
10 ms, and is due to the activation of I, a current carried by the large conductance
voltage- and Ca®* -dependent K* channels termed BK channels (Lancaster and Adams,

1986; Shao et al., 1999; Sah and Faber, 2002). Following the fAHP, cells may display a
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prolonged hyperpolarization phase lasting for hundreds of milliseconds, possibly
seconds. These slower calcium-activated potassium currents may be separated into two
distinct components, the medium AHP (mAHP) and the slow AHP (sAHP) (Sah, 1996).

A component of the mAHP is a current carried by small conductance Ca**-
activated and voltage independent K* channels, termed SK channels, which are sensitive
to the bee venom apamin and which decay with time constants of ~ 200 ms (Stocker et
al., 1999; Gerlach et al., 2004). Four SK channel family genes have been cloned, with
three expressed in CNS: SK1, SK2, and SK3 (Ishii et al., 1997; Joiner et al., 1997;
Stocker and Pedarzani, 2000). The channels underlying the mAHPs in PVT neurons
remain to be characterized. The CNS distribution of SK channels reveals that anterior
PVT neurons express all three while posterior PVT expresses a high level of SK3, but
low levels of SK1 and SK2 (Stocker and Pedarzani, 2000). This implies a functional
difference between neurons within the same nucleus.

The channels underlying the SAHP are voltage independent K* channels (Ix)
whose activation requires a rise in cytosolic calcium, typically by Ca®* influx through
voltage-dependent Ca®* channels (Lancaster and Adams, 1986). Different from SK
channels, they are not blocked by apamin (Stocker et al., 1999; Bowden et al., 2001;
Gerlach et al., 2004). In addition, transgenic study showed that none of the SK channels
underlie the slow AHP (Bond et al., 2004). Further efforts are necessary for identification
of channels underling slow AHP.

As for physiological roles, since fAHPs contribute to the action potential
repolarization, inactivation of BK channels underling it might be responsible for the spike

broadening during repetitive firing (Lancaster and Nicoll, 1987; Storm, 1990; Sah, 1996).
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The mAHP, mediated by activation of small conductance (SK) channels, controls action
potential firing frequency in a number of cell types including hippocampal and cortical
pyramidal neurons (Schwindt et al., 1988; Stocker et al., 1999; Pedarzani et al., 2001).
However, this current appears to have little role in spike frequency adaptation (Faber and
Sah, 2002). By contrast, the sAHP is widely acknowledged to be the main determinant of
spike frequency adaptation (Madison and Nicoll, 1982; Faber and Sah, 2002). Although
the channels underlying slow AHP is not known (Sah and Faber, 2002) they are
negatively modulated by a variety of transmitters such as glutamate, SHT, noradrenaline
and acetylcholine, almost all of which depress the SAHP and reduce spike frequency

adaptation (Nicoll, 1988; Schwindt et al., 1988; Faber and Sah, 2002).

5.1.6 Post-train afterhyperpolarization (post-train AHP)

In PVT neurons, as in other central neurons, a depolarizing current evokes a train
of action potentials that is followed by a prolonged AHP, sometimes termed
“hyperpolarizing afterpotentials”, or HAPs (e.g. Bourque et al., 1985). Previous studies
indicate that Ca®* activated K* channels contribute to these post-burst AHPs, since
reducing Ca®* influx or intracellular Ca®* accumulation attenuates their magnitude
(Bourque et al., 1985; Thomson, 1984; Thomson and West, 1990). In the present study,
the amplitude of the post-burst AHP was positively correlated with the number of action
potentials in the burst, probably because of accumulating intracellular Ca®* from Ca
influx during the action potential.

Mechanically, currents underlying medium and slow AHPs may both contribute

to the post-burst AHP (Storm, 1990; Sah, 1996). It was noted that in some neurons (e.g.
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hippocampus), post-train AHPs appear to be mediated by apamin-insensitive, voltage-
independent and Ca%* dependent K* currents (Lancaster and Nicoll, 1987; Lorenzon and
Foehring, 1992) while in other neurons (e. g. subthalamic nucleus) these AHPs involve
apamin-sensitive, voltage-independent and Ca®* dependent K* currents (Storm, 1990;
Sah, 1996; Hallworth, 2003). For PVT neurons, considering the varied duration and
amplitude of post-train AHPs, a heterogeneity of calcium-activated potassium

conductances may be involved, and issue yet to be addressed.

5.1.7 Spike frequency adaptation (SFA)

Spike-frequency adaptation (SFA), the decrease of firing rates during a sustained
current injection, is a prominent feature of neural dynamics. SFA has been observed in
neurons of various systems from several species (Michaelis and Chaplain, 1975). In
mammals, SFA has been observed in rodent motoneurons (Granit et al., 1963; Sawczuk et
al., 1995), hippocampal CA1 pyramidal cells (Lancester and Nicoll, 1987; Madison and
Nicoll, 1984), and pyramidal cells of the piriform cortex (Barkai and Hasselmo, 1994). In
the neocortex of rodents, SFA has been identified in most pyramidal neurons, some of
which are bursting neurons (Connors and Gutnick, 1990; Mason and Larkman, 1990;
McCormick et al., 1985).

Various ionic currents appear to contribute to the development of SFA in
different neurons. Most common are: the calcium-gated potassium medium and slow
AHPs (Madison and Nicoll, 1984; Avoli et al., 1994; Lorenzon and Foehring, 1992); the

M-current (Im), a slow-activating non-inactivating voltage-sensitive potassium current
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(Madison and Nicoll, 1984; McCormick et al., 1993); fast sodium current inactivation

(Michaelis and Chaplain, 1975; Schwindt and Crill, 1982; Melnick et al., 2004).

5.1.8 Spike broadening

Broadening of action potentials, an increase in the spike duration during repetitive
firing, is seen in neurons from a wide variety of invertebrate and vertebrate species, both
in vitro and in vivo. Spike broadening occurs in all compartments of the neuron: soma
(Aldrich et al., 1979; Ma and Koester, 1996; Shao et al., 1999), dendrite (Andreasen and
Lambert, 1995) and axon terminal (Jackson et al., 1991; Geiger and Jonas, 2000).
Various mechanisms may underly spike broadening. In invertebrates, where it was first
studied, broadening is frequency dependent and is due to cumulative inactivation of
voltage-gated K" currents (Aldrich et al., 1979; Quattrocki et al., 1994; Ma and Koester,
1996). A similar mechanism has been described in various mammalian neurons,
including mossy fibre terminals in the hippocampus (Geiger and Jonas, 2000),
magnocellular hypothalamic neurons (Bourque and Renaud, 1985) and pituitary
neurosecretory terminals (Jackson et al., 1991). These K' currents include slowly
inactivating, delayed rectifier type currents (Aldrich et al., 1979; Geiger and Jonas, 2000)
and low threshold, rapidly inactivating A-type K* currents (Giese et al., 1998; Ma and
Koester, 1996; Sakurai et al., 2006). In hippocampal pyramidal neurons, inactivation of a
Ca’*-activated K* current mediated by rapidly inactivating large conductance BK
channels contributes to spike broadening (Halvorsrud et al., 1999; Shao et al., 1999;
Greffrath et al., 2004). An enhanced activation of voltage-gated Ca** channels late in the

train may also be a contributing factor (Aldrich et al., 1979). In PVT neurons, more than
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40% broadening happened in the second spike. Furthermore, the fast after-
hyperpolarization (fAHP), which represents a continuation of the BK-dependent spike |
repolarization, reduces most rapidly in the second spike in amplitude during high-
frequency firing (Lancaster and Nicoll, 1987; Borg-Graham, 1987; Storm, 1990; Borg-
Graham, 1998). Therefore, the inactivation of BK channels is likely to be a key factor in
spike broadening in PVT neurons.

Action potential broadening has an important role in many aspects of neuronal
activity. Since Ca® influx during action potentials largely occurs during the
repolarization (Llinas et al., 1982), spike broadening has a large impact on the amount of
Ca®" influx and the resultant increase in cytoplasmic free Ca** may in turn regulate a
range of cellular processes (Clapham, 1995), including Ca2+-dependent ion channels,
enzymes, second messenger cascades, gene transcription, and release of transmitters or

hormones (Jackson et al., 1991; Byrne and Kandel, 1996; Sabatini and Regehr, 1997).

5.2 Discussion of Response to Exogenous Orexins
5.2.1 Orexin receptors in PVT neurons

The present study demonstrates that exogenous orexin A and B both act
postsynaptically to depolarize a population of PVT neurons. The slow onset and
prolonged pattern of response is typical of central neuronal responses to the application
of various neuropeptides e.g. vasopressin (Kolaj and Renaud, 1998) and angiotensin (Oz
et al., 2001). The fact that both orexin A and orexin B can depolarize PVT neurons with
similar magnitudes agrees with the in situ hybridization histochemistry data of Marcus et

al (2001) who reported almost identical binding for their OX;R and OX;R probes in
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PVT. The observation that both orexin A and B can induce depolarization in a
subpopulation of PVT neurons implies that some of these PVT neurons express both
receptors. While a full dose-response analysis was not attempted here, the present
observations contrast with other studies on midline thalamic neurons where the authors
proposed that the excitatory action of orexin was mediated primarily by OX; receptors
based on the relative potencies of orexin A versus orexin B (Bayer et al., 2002; Ishibashi
et al., 2005; Huang et al.,, 2006). It is interesting to note that other studies have
independently shown agreement between electrophysiological data and in situ
hybridization data. For example, the excitatory action of orexin on tuberomammillary
neurons was reported to be mediated by OX, receptors (Bayer et al., 2001; Erikssonet al.,
2001) a structure that appears to express only OX;R mRNA (Marcus et al., 2001). By
contrast, the excitatory actions of orexin on locus coeruleus neurons is reported to be
mediated by OX receptors (Bourginet al., 2000), a structure that expresses mainly OX;R

mRNA (Marcus et al., 2001)

5.2.2 Orexin-induced conductances

Orexin receptors have been shown to be coupled to G proteins (Sakurai, 1999).
In PVT, analyses of I-V relationships and net orexin-induced currents indicate that the
downstream effect of their activation can result in inward currents that involve two
different conductances, reduction in one or more potassium conductances and/or increase
in a putative non-selective cationic conductance. As reviewed in Chapter 1, this is similar
to orexin-induced conductances observed in other neurons e.g. locus coeruleus (Murai

and Akaike, 2005) and nucleus tractus solitarius (Yang and Ferguson, 2003). In those
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neurons that display a parallel shift in their net orexin-induced current, one might
speculate that this arises because both types of conductance are involved. This possibility
remains for investigation. Additional investigations are required to characterize which of
various types of potassium and non-selective cationic conductances, and downstream
signaling pathways are engaged by these orexin receptors in PVT neurons.

In terms of further investigations, given that PVT neurons demonstrate an
innervation from the suprachiasmatic nucleus, the brain’s biological clock, and that PVT
neurons display circadian rhythmicity in their immediate early gene activation patters,
there is the possibility that the ‘arousal’ activity induced by orexins will differ over the
day-night continuum. Thus, it may be informative to compare PVT neurons for their
intrinsic properties and their responses to orexins under reversed day-night conditions i.e.
to use slices from animals acclimatized to a reversed light-dark cycle. Also, since PVT
contains a mosaic of neurons that have differing axonal projections (e.g. accumbens
versus amygdala versus prefrontal cortx), their intrinsic properties and/or complement of
orexin receptors may be different. In the long term therefore, the introduction of suitable
retrograde tracers together with electrophysiology of neurons labeled according to their
axonal targets may reveal some unique differences among the PVT neuronal population -

that can be related to their innervation.

5.2.3 Functional implications
PVT together with other thalamic midline nuclei has long been considered a
component of the ‘ascending reticular activating system”, exerting a major influence on

sleep, wakefulness and arousal. Indeed, PVT is innervated by monoaminergic inputs that
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include histamine, dopamine, noradrenaline, and serotonin fibers (Cornwall and
Phillipson, 1988; Otake and Ruggiero, 1995; Panula et al., 1989; Rico and Cavada, 1998),
all of which are considered to be involved in the promotion and maintenance of
wakefulness (Jones, 2003; Siegel, 2004). Orexin is now well known for its role in
maintaining wakefulness, and its lack results in the sleep disorder known as narcolepsy
(Nishino et al., 2000; Sutcliffe and de Lecea, 2002). Anatomically, PVT receives a dense
orexin innervation, in sharp contrast with the lack of orexin innervation in the sensory
relay thalamic nuclei as well as the mediodorsal nucleus and the habenular complex
(Kirouac, 2005). Furthermore, orexin release is consistent with circadian alertness,
highest during active wakefulness and REM sleep, lower during quiet wakefulness and
lowest during slow-wave sleep (Kiyashchenko et al., 2002). PVT can also be activated by
a wide range of stress paradigms (Brown et al., 1992; Deutch et al., 1995; Young and
Deutch, 1998). Thus, orexin may exert a state-dependent action on PVT neurons to
promote thalamocortical activity. As the activity of thalamocortical relay neurons is state-
dependent, any interaction between their intrinsic properties and synaptic connections is
likely to influence their firing patterns. As illustrated in the present study, exogenous (and
presumably endogenous) orexin is capable of inducing changes in burst and tonic firing
in PVT. In this instance, since the outflow from PVT includes substantial projections to
limbic related regions, notably prefrontal cortex, accumbens and amygdala, it would
appear that the orexinergic innervation of PVT is, in a sense, a “wakeup call” from the
lateral hypothalamus to ‘regulate’ activity in basal-ganglia-thalamocortical circuits.
Increased activity of PVT neurons by their orexin innervation may influence

several functions ascribed to PVT. For example, aside from a role in arousal and
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regulation of the sleep-wakefulness cycle (Bentivoglio, 1991; Watts, 1987), PVT appears
to have a role in viscerolimbic functions (Cardinal, 2002; Pennartz, 1994; Walker, 2003),
energy homeostasis (Freedman and Cassell, 1994; Otake, 2005), autonomic function
(Bhatnagar and Dallman, 1999; Van der Werf et al., 2002) and motivated behaviors

(Cardinal et al., 2002; Christakou et al., 2004; Kelley, 2004; Salamone et al., 2005).

73



REFERENCES

Abrahamson, E.E., R.K. Leak, and R.Y. Moore. 2001. The suprachiasmatic nucleus
projects to posterior hypothalamic arousal systems. Neuroreport. 12, 435-440.

Aldrich, RW., P.A. Getting, S.H. Thompson. 1979. Mechanism of frequency-dependent
broadening of molluscan neurone soma spikes. J. Physiol. 291, 531-44.

Andreasen, M., and J.D. Lambert. 1995. The excitability of CA1 pyramidal cell dendrites
is modulated by a local Ca (2+) dependent K(+)-conductance. Brain Res. 1995.
698, 193-203.

Antunes,V.R., G.C. Brailoiu, EH. Kwok, P. Scruggs, and N.J. Dun. 2001.
Orexins/hypocretins excite rat sympathetic preganglionic neurons in vivo and in
vitro. Am. J. Physiol Regul Integr Comp Physiol. 281, 1801-1807.

Avoli, M., G.G. Hwa, J.C. Lacaille, A. Olivier, and J.G. Villemure. 1994,
Electrophysiological and repetitive firing properties of neurons in the
superficial/middle layers of the human neocortex maintained in vitro. Exp Brain
Res. 98, 135-44.

Bachtell, R.K., N.O. Tsivkovskaia, and A.E. Ryabinin. 2003. Identification of
temperature-sensitive neural circuits in mice using c-Fos expression mapping.
Brain Res. 960, 157-64.

Bailey, K.R., and R.G. Mair. 2005. Lesions of specific and nonspecific thalamic nuclei
affect prefrontal cortex-dependent aspects of spatial working memory. Behav
Neurosci. 119, 410-9.

Balercia, G., M. Bentivoglio, and L. Kruger. 1992. Fine structural organization of the
ependymal region of the paraventricular nucleus of the rat thalamus and its
relation with projection neurons. J. Neurocytol. 21, 105-19.

Baldo, B.A., R.A. Daniel, C.W. Berridge, and A.E. Kelley. 2003. Overlapping
distributions  of  orexin/hypocretin- and  dopamine-beta-hydroxylase
immunoreactive fibers in rat brain regions mediating arousal, motivation, and
stress. J. Comp Neurol. 464, 220-37.

Bal, T., M. Von Krosigk, and D.A. McCormick. 1995. Synaptic and membrane
mechanisms underlying synchronized oscillations in the ferret lateral geniculate
nucleus in vitro. J. Physiol. 483, 641-63.

Barkai, E., and M.E. Hasselmo. 1994. Modulation of the input/output function of rat
piriform cortex pyramidal cells. J. Neurophysiol. 72, 644-58.

Bayer, L., E. Eggermann, M. Serafin, B. Saint-Mleux, D. Machard, B. Jones, and M.
Muhlethaler. Orexins (hypocretins) directly excite tuberomammillary neurons.
Eur J. Neurosci. 14, 1571-5.

Bayer, L., E. Eggermann, B. Saint-Mileux, D. Machad, B.E. Jones, and M. Miihlethaler.
2002. Selective action of orexin (hypocretin) on nonspecific thalamocortical
projection neurons. J. Neurosci. 22, 7835-7839.

Bayer, L., M. Serafin, E. Eggermann, B. Saint-Mleux, D. Machard, B.E. Jones, and M.
Muhlethaler. 2004. Exclusive postsynaptic action of hypocretin-orexin on
sublayer 6b cortical neurons. J. Neurosci. 24, 6760-4.

Beck, C.H., and H.C. Fibiger. 1995. Conditioned fear-induced changes in behavior and in
the expression of the immediate early gene c-fos: with and without diazepam
pretreatment. Neurosci. 15, 709-20.



Bentivoglio, M., G. Balercia, and L. Kruger. 1991. The specificity of the nonspecific
thalamus: the midline nuclei. Prog Brain Res. 87, 53-80.

Berendse, H.W., and H.J. Groenewegen. 1991. Restricted cortical termination fields of
the midline and intralaminar thalamic nuclei in the rat. Neuroscience. 42, 73-102.

Beuckmann, C.T., and M. Yanagisawa. 2002. Orexins: from neuropeptides to energy
homeostasis and sleep/wake regulation. J. Mol Med. 80, 329-42.

Bhatnagar, S., V. Viau, A. Chu, L. Soriano, O.C. Meijer, and M.F. Dallman. 2000. A
cholecystokinin-mediated pathway to the paraventricular thalamus is recruited in
chronically stressed rats and regulates hypothalamic-pituitary-adrenal function. J.
Neurosci. 20, 5564-73.

Bhatnagar, S., and M. Dallman. 1998. Neuroanatomical basis for facilitation of
hypothalamic-pituitary-adrenal responses to a novel stressor after chronic stress.
Neuroscience. 84, 1025-39,

Bhatnagar, S., and M.F. Dallman. 1999. The paraventricular nucleus of the thalamus
alters rhythms in core temperature and energy balance in a state-dependent
manner. Brain Res. 851, 66-75.

Bhatnagar, S., R. Huber, N. Nowak, and P. Trotter. 2002. Lesions of the posterior
paraventricular thalamus block habituation of hypothalamic pituitary-adrenal
responses to repeated restraint. J. Neuroendocrinol. 14, 403-10.

Bittencourt, J.C., F. Presse, C. Arias, C. Peto, J. Vaughan, J.L. Nahon, W. Vale, and P.E.
Sawchenko. 1992. The melanin-concentrating hormone system of the rat brain: an
immuno- and hybridization histochemical characterization. J. Comp Neurol. 319,
218-45.

Bond, C.T., P.S. Herson, T. Strassmaier, R. Hammond, R. Stackman, J. Maylie, and J.P.
Adelman. 2004. Small conductance Ca®*-activated K* channel knock-out mice
reveal the identity of calcium-dependent afterhyperpolarization currents. J.
Neurosci. 24, 5301-6.

BorgGraham, L. 1987. Modelling the somatic electrical behavior of hippocampal
pyramidal neurons. Master’s Thesis, Massachusetts Institute of Technology (MIT
Al Laboratory Technical Report 1161), Cambridge, MA, USA.

BorgGraham, L. 1998. Interpretations of data and mechanisms for hippocampal
pyramidal cell models. In Cerebral Cortex, vol. 13, Cortical Models, ed. Jones, E.
G. , P.S. Ulinski, and A. Peters, pp. 19—138. Kluwer AcademicIPlenum
Publishers, New York.

Bourgin, P., S. Huitron-Resendiz, A.D. Spier, V. Fabre, B. Morte, J.R. Criado, J.G.
Sutcliffe, S.J. Henriksen, and L. de Lecea. 2000. Hypocretin-1 modulates rapid
eye movement sleep through activation of locus coeruleus neurons. J. Neurosci.
20, 7760-5.

Bourque, C.W., J.C. Randle, and L.P. Renaud. 1985. Calcium-dependent potassium
conductance in rat supraoptic nucleus neurosecretory neurons. J. Neurophysiol.
54, 1375- 82.

Bourque, C.W., and L.P. Renaud. 1985. Activity dependence of action potential duration
in rat supraoptic neurosecretory neurones recorded in vitro. J. Physiol. 363, 429-
39.



Bowden, S.E., S. Fletcher, D.J. Loane, and N.V. Marrion. 2001. Somatic colocalization
of rat SK1 and D class (Ca(v)l.2) L-type calcium channels in rat CAl
hippocampal pyramidal neurons. J. Neurosci. 21, RC175.

Bredt, D.S., T. Wang, N.A. Cohen, W.B. Guggino, and S.H. Snyder. 1995. Cloning and
expression of two brain-specific inwardly rectifying potassium channels. Proc
Natl Acad Sci USA. 92, 6753- 6757.

Broberger, C., L. de Lecea, J.G. Sutcliffe, and T. Hokfelt. 1998. Hypocretin/orexin- and
melanin concentrating hormone-expressing cells form distinct populations in the
rodent lateral hypothalamus: relationship to the neuropeptide Y and agouti gene-
related protein systems. J. Comp. Neurol. 402, 460-474.

Brown, E.E., G.S. Robertson, and H.C. Fibiger. 1992. Evidence for conditional neuronal
activation following exposure to a cocaine-paired environment: role of forebrain
limbic structures. J. Neurosci. 12, 4112-21.

Brown, H.F., D. DiFrancesco, and S.J. Noble. 1979. How does adrenaline accelerate the
heart? Nature. 280, 235-36.

Brown, R.E., O. Sergeeva, K.S. Eriksson, and H.L. Haas. 2001. Orexin A excites
serotonergic neurons in the dorsal raphe nucleus of the rat. Neuropharmacology.
40, 457-9.

Brown, R.E., O.A. Sergeeva, K.S. Eriksson, and H.L. Haas. 2002. Convergent excitation
of dorsal raphe serotonin neurons by multiple arousal systems (orexin/hypocretin,
histamine and noradrenaline). J. Neurosci. 22, 8850-9.

Brunton, P.J., and J.A. Russell. 2003. Hypothalamic-pituitary-adrenal responses to
centrally administered orexin-A are suppressed in pregnant rats. J.
Neuroendocrinol. 15, 633-637.

Bubser, M., and A.Y. Deutch. 1998. Thalamic paraventricular nucleus neurons
collateralize to innervate the prefrontal cortex and nucleus accumbens. Brain Res.
787, 304-10.

Bubser, M., and A.Y. Deutch. 1999. Stress induces Fos expression in neurons of the
thalamic paraventricular nucleus that innervate limbic forebrain sites. Synapse.
32, 13-22.

Buijs, R.M. 1978. Intra- and extrahypothalamic vasopressin and oxytocin pathways in the
rat. Pathways to the limbic system, medulla oblongata and spinal cord. Cell
Tissue Res. 192, 423-35.

Buijs, RM. 1996. The anatomical basis for the expression of circadian rhythms: the
efferent projections of the suprachiasmatic nucleus. Prog Brain Res. 111, 229-40.

Buijs, R.M., C.G. van Eden, V.D. Goncharuk, and A. Kalsbeek. 2003. The biological
clock tunes the organs of the body: timing by hormones and the autonomic
nervous system. J. Endocrinol. 177, 17-26.

Burdakov, D., B. Liss, and F.M. Ashcroft. 2003. Orexin excites GABAergic neurons of
the arcuate nucleus by activating the sodium- calcium exchanger. J. Neurosci. 23,
4951-7.

Burlet, S., C.J. Tyler, and C.S. Leonard. 2002. Direct and indirect excitation of
laterodorsal tegmental neurons by hypocretin/orexin peptides: implications for
wakefulness and narcolepsy. J. Neurosci. 22, 2862-72.

Byrne, J. H., and E.R. Kandel. 1996. Presynaptic facilitation revisited: state and time
dependence. J. Neurosci. 16, 425—435.



Cai, X.J., P.S. Widdowson, J. Harrold, S. Wilson, R.E. Buckingham, J.R. Arch, M.
Tadayyon, J.C. Clapham, J. Wilding, and G. Williams. 1999. Hypothalamic
orexin expression: modulation by blood glucose and feeding. Diabetes. 48, 2132—
2137.

Campbell, R.E., K.L. Grove, and M.S. Smith. 2003. Gonadotropin-releasing hormone
neurons coexpress orexin 1 receptor immunoreactivity and receive direct contacts
by orexin fibers. Endocrinology. 144, 1542-8.

Carbone, E., and H.D. Lux. 1984. A low voltage-activated, fully inactivating Ca channel
in vertebrate sensory neurones. Nature. 310, 501-502.

Cardinal, R.N., J.A. Parkinson, J. Hall, and B.J. Everitt. 2002. Emotion and motivation:
the role of the amygdala, ventral striatum, and prefrontal cortex. Neurosci
Biobehav Rev. 26, 321-52.

Chemelli, R.M., J.T. Willie, C. Sinton, J. Elmquist, and T. Scammell. 1999. Narcolepsy
in orexin knockout mice: molecular genetics of sleep regulation. Cell. 98, 437-51.

Cheng, M.Y., C.M. Bullock, C. Li, A.G. Lee, J.C. Bermak, J. Belluzzi, D.R. Weaver,
F.M. Lesli, and Q.Y. Zhou. 2002. Prokineticin 2 transmits the behavioural
circadian rhythm of the suprachiasmatic nucleus. Nature. 417, 405-10.

Chou, T.C., C.E. Lee, J. Lu, J.K. Elmquist, J. Hara, J.T. Willie, C.T. Beuckmann, R.M.
Chemelli, T. Sakurai, M. Yanagisawa, C.B. Saper, and T.E. Scammell. 2001.
Orexin (hypocretin) neurons contain dynorphin. J. Neurosci. 21, RC168.

Chou, T.C., A.A. Bjorkum, S.E. Gaus, J. Lu, T.E. Scammell, and C.B. Saper. 2002.
Afferents to the ventrolateral preoptic nucleus. J. Neurosci 22, 977-990.

Christakou, A., T.W. Robbins, and B.J. Everitt. 2004, Prefrontal cortical-ventral striatal
interactions involved in affective modulation of attentional performance:
implications for corticostriatal circuit function. J. Neurosci. 24, 773-780.

Churchill, L., B.P. Roques, and P.W. Kalivas. 1995. Dopamine depletion augments
endogenous opioid-induced locomotion in the nucleus accumbens using both mu
1 and delta opioid receptors. Psychopharmacology (Berl). 120, 347-55.

Cirelli, C., M. Pompeiano, and G. Tononi. 1993. Fos-like immunoreactivity in the rat
brain in spontaneous wakefulness and sleep. Arch Ital Biol. 131, 327-30.

Clapham, D.E., 1995. Calcium signaling. Cell. 80, 259-68.

Connors, B.W., and M.J. Gutnick. 1990. Intrinsic firing patterns of diverse neocortical
neurons. Trends Neurosci. 13, 99-104.

Constanti, A., and M. Galvan. 1983. Fast inward-rectifying current accounts for
anomalous rectification in olfactory cortex neurones. J. Physiol. 335, 153-78.

Cornwall, J., and O.T. Phillipson. 1988. Afferent projections to the parafascicular
thalamic nucleus of the rat, as shown by the retrograde transport of wheat germ
agglutinin. Brain Res Bull. 20, 139-50.

Cribbs, L.L., JH. Lee, J. Yang, J. Satin, Y. Zhang, A. Daud, J. Barclay, M.P.
Williamson, M. Fox, M. Rees, and E. Perez-Reyes. 1998. Cloning and
characterization of alphalH from human heart, a member of the T-type Ca®
channel gene family. Circ Res. 83, 103-9.

Crunelli, V., S. Lightowler, and C.E. Pollard. 1989. A T-type Ca?* current underlies low
threshold Ca®* potentials in cells of the cat and rat lateral geniculate nucleus. J.
Physiol 413, 543-561.



Cullinan, W.E., J.P. Herman, D.F. Battaglia, H. Akil, and S.J. Watson. 1995. Pattern and
time course of immediate-early gene expression in rat brain following acute
stress. Neuroscience. 64, 477-505.

Dallman, M.F., N. Pecoraro, S.F. Akana, S.E. La Fleur, F. Gomez, H. Houshyar, M.E.
Bell, S. Bhatnagar, K.D. Laugero, and S. Manalo. 2003. Chronic stress and
obesity: a new view of "comfort food". Proc Natl Acad Sci. U S A. 100, 11696-
701.

Daunais, J.B., and J.F. McGinty. 1995. Cocaine binges differentially alter striatal
preprodynorphin and zif/268 mRNAs. Brain Res Mol Brain Res. 29, 201-10.

Dayas, C.V., K.M. Buller, and T.A. Day. 1999. Neuroendocrine responses to an
emotional stressor: evidence for involvement of the medial but not the central
amygdala. Eur J. Neurosci. 11, 2312-22.

Davis, S.F., K.W. Williams, W. Xu, N.R. Glatzer, and B.N. Smith. 2003. Selective
enhancement of synaptic inhibition by hypocretin (orexin) in rat vagal motor
neurons: implications for autonomic regulation. J. Neurosci. 23, 3844-54.

De Lecea, L., T.S. Kilduff, C. Peyron, X. Gao, P.E. Foye, P.E. Danielson, C. Fukuhara,
E.L. Battenberg, V.T Gautvik, F.S Bartlett, W.N. Frankel, A.N. van den Pol, F.E.
Bloom, K.M. Gautvik, and J.G. Sutcliffe. 1998. The hypocretins: hypothalamus-
specific peptides with neuroexcitatory activity. Proc Natl Acad Sci. U S A. 95,
322-327.

Deschenes, M., M. Paradis, J.P. Roy, and M. Steriade. 1984. Electrophysiology of
neurons of lateral thalamic nuclei in cat: resting properties and burst discharges. J.
Neurophysiol. 51, 1196-219.

Deutch, A.Y., D. Ongur, and R.S. Duman. Antipsychotic drugs induce Fos protein in the
thalamic paraventricular nucleus: a novel locus of antipsychotic drug action.
Neuroscience. 66, 337-46.

Deutch, A.Y., M. Bubser, and C.D. Young. Psychostimulant-induced Fos protein
expression in the thalamic paraventricular nucleus. J. Neurosci. 18, 10680-7.

Doupnik, C.A., N. Davidson, and H.A. Lester. 1995. The inward rectifier potassium
channel family. Curr Opin Neurobiol. 5, 268-277.

Edwards, C.M., S. Abusnana, D. Sunter, K.G. Murphy, M.A. Ghatei, and S.R. Bloom.
The effect of the orexins on food intake:comparison with neuropeptide Y,
melanin-concentrating hormone and galanin. J. Endocrinol. 160, R7-R12.

Eggermann, E., M. Serafin, L. Bayer, D. Machard, B. Saint-Mleux, B.E. Jones, and M.
Muhlethaler. Orexins/hypocretins excite basal forebrain cholinergic neurones.
Neuroscience. 108, 177-81.

Eggermann, E., M. Serafin, L. Bayer, D. Machard, and B. Saint-Mleux. 2003.
Orexins/hypocretins excite basal forebrain cholinergic neurones. Neuroscience.
108, 177 81.

Elias, C.F., C.B. Saper, E. Maratos-Flier, N.A. Tritos. C. Lee, J. Kelly, J.B. Tatro, G.B.
Hoffman, M.M Ollmann, G.S Barsh, T. Sakurai, M. Yanagisawa, and J.K.
Elmquist. 1998. Chemically defined projections linking the mediobasal
hypothalamus and the lateral hypothalamic area. J. Comp Neurol. 402, 442-459.

Elmquist, J.K., C.F. Elias, and C.B. Saper. 1999. From Lesions to Leptin Hypothalamic
Control of Food Intake and Body Weight. Neuron. 22, 221-32.



Eriksson, K.S., O. Sergeeva, R.E. Brown, and H.L.. Haas. 2001. Orexin/hypocretin
excites the histaminergic neurons of the tuberomammillary nucleus. J. Neurosci.
21, 9273-9.

Ertel, S.I., and E.A. Ertel. 1997. Low-voltage-activated T-type Ca2+ channels. Trends
Pharmacol Sci. 18, 37-42.

Faber, E.S., and Sah, P. 2002. Physiological role of calcium-activated potassium currents
in the rat lateral amygdala. J. Neurosci. 22, 1618-1628.

Fan, L.W., L.T. Tien, S. Tanaka, T. Ma, N. Chudapongse, S. Sinchaisuk, R.W. Rockhold,
and LK. Ho. 2003. Changes in the brain kappa-opioid receptor levels of rats in
withdrawal from physical dependence upon butorphanol. Neuroscience. 121,
1063-74.

Fernandes, G.A., P. Perks, N.K. Cox, S.L. Lightman, C.D. Ingram, and N. Shanks. 2002.
Habituation and cross sensitization of stress-induced hypothalamic-pituitary-
adrenal activity: effect of lesions in the paraventricular nucleus of the thalamus or
bed nuclei of the stria terminalis. J. Neuroendocrinol. 14, 593-602.

Fiset, P., T. Paus, T. Daloze, G. Plourde, P. Meuret, V. Bonhomme, N. Hajj-Ali, S.B.
Backman, and A.C. Evans. 1999. Brain mechanisms of propofol-induced loss of
consciousness in humans: a positron emission tomographic study. J. Neurosci. 19,
5506-13.

Follwell, M.J., and A.V. Ferguson. 2002. Cellular mechanisms of orexin actions on
paraventricular nucleus neurones in rat hypothalamus. J. Physiol. 545, 855-67.

Freedman, L.J., and M.D. Cassell. 1994. Relationship of thalamic basal forebrain
projection neurons to the peptidergic innervation of the midline thalamus. J.
Comp Neurol. 348, 321-42.

Fu, LY., C. Acuna-Goycolea, and A.N. van den Pol. 2004. Neuropeptide Y inhibits
hypocretin/orexin neurons by multiple presynaptic and postsynaptic mechanisms:
tonic depression of the hypothalamic arousal system. J. Neurosci. 24, 8741-51.

Gallopin, T., E. Fort, E. Eggermann, B. Cauli, P.H. Luppi, J. Rossier, E. Audinat, M.
Muhlethaler and M. Serafin. 2000. Identification of sleep-promoting neurons in
vitro. Nature. 404, 992-995.

Geerling, J.C., T.C. Mettenleiter, and A.D. Lwy. 2003. Orexin neurons project to diverse
sympathetic outflow systems. Neuroscience. 122, 541-50.

Geiger, J.R., and P. Jonas. 2000. Dynamic control of presynaptic Ca(2+) inflow by fast-
inactivating K(+) channels in hippocampal mossy fiber boutons. Neuron. 28, 927-
39.

Gerlach, A.C., J. Maylie, and J.P. Adelman. 2004. Activation kinetics of the slow
afterhyperpolarization in hippocampal CA1 neurons. Pflugers Arch. 448, 187-96.

Giese, K.P., J.F. Storm, D. Reuter, N.B. Fedorov, L.R. Shao, T. Leicher, O. Pongs, and
A.J. Silva. 1998. Reduced K* channel inactivation, spike broadening, and after-
hyperpolarization in Kvbetal.l-deficient mice with impaired learning. Learn
Mem. 5, 257-73.

Giesler, G.J. Jr., HR. Spiel, and W.D Willis. 1981. Organization of spinothalamic tract
axons within the rat spinal cord. J. Comp Neurol. 195, 243-52.

Grabauskas, G., and H.C. Moises. 2003. Gastrointestinal-projecting neurones in the
dorsal motor nucleus of the vagus exhibit direct and viscerotopically organized
sensitivity to orexin. J. Physiol. 549, 37-56.



Granit, R., D. Kemell, and G.K. Shortess. 1963. Quantitative aspects of repetitive firing
of mammalian motoneurons caused by injected currents. J. Physiol. 168, 911—
931.

Greffrath, W., W. Magerl, U. Disque-Kaiser, E. Martin, S. Reuss, and G. Boehmer. 2004.
Contribution of Ca**-activated K* channels to hyperpolarizing after-potentials and
discharge pattern in rat supraoptic neurones. J. Neuroendocrinol.16, 577-88.

Groenewegen, H.J., and H'W. Berendse. 1994. The specificity of the 'monspecific’
midline and intralaminar thalamic nuclei. Trends Neurosci. 17, 52-7.

Grudt, T.J., A.N. van den Pol, and E.R. Perl. 2002. Hypocretin-2 (orexin-B) modulation
of superficial dorsal horn activity in rat. J. Physiol. 538, 517-25.

Guan, J.L., R. Suzuki, H. Funahashi, Q.P. Wang, H. Kageyama, K. Uehara, S. Yamada,
S. Tsurugano, and S. Shioda. 2002. Ultrastructural localization of orexin-1
receptor in pre- and post-synaptic neurons in the rat arcuate nucleus. Neurosci
Lett. 329, 209-12.

Hagan, J.J., R.A. Leslie, S. Patel, M.L. Evans, and T.A. Wattam. 1999. Orexin A
activates locus coeruleus cell firing and increases arousal in the rat. Proc. Natl.
Acad. Sci. USA. 96, 10911-16.

Hagiwara, S., and K.Takahashi. 1974. The anomalous rectification and cation selectivity
of the membrane of a starfish egg cell. J. Membr. Biol. 18, 61-80.

Hagiwara, S., S. Miyazaki, and N.P. Rosenthal. 1976. Potassium current and the effect of
cesium on this current during anomalous rectification of the egg cell membrane of
a starfish. J. Gen. Physiol. 67, 621-638.

Hagiwara, S., S. Miyazaki, W. Moody, and J. Patlak. 1978. Blocking effects of barium
and hydrogen ions on the potassium current during anomalous rectification in the
starfish egg. J. Physiol. 279, 167-85.

Haj-Dahmane, S., and R.Y. Shen. 2005. The wake-promoting peptide orexin-B inhibits
glutamatergic transmission to dorsal raphe nucleus serotonin neurons through
retrograde endocannabinoid signaling. J. Neurosci. 25, 896-905.

Halvorsrud, R., L.R. Shao, Y. Bouskila, G.M.J. Ramakers, and J.F. Storm. 1999.
Evidence that BK type Ca**dependent K* channels contribute to frequency
dependent action potential broadening in rat CA1 hippocampal pyramidal cells.
Society for Neuroscience. 25, 453.

Hara, J., C.T. Beuckmann, T. Nambu, J.T. Willie, RM. Chemelli, C.M. Sinton, F.
Sugiyama, K. Yagami, K. Goto, M. Yanagisawa and T. Sakurai. 2001. Genetic
ablation of orexin neurons in mice results in narcolepsy, hypophagia, and obesity.
Neuron. 30, 345-354.

Haynes, A.C., B. Jackson, P. Overend, R.E. Buckingham, S. Wilson, M. Tadayyon, and
JR. Arch. 1999. Effects of single and chronic intracerebroventricular
administration of the orexins on feeding in the rat. Peptides. 20, 1099-1105.

Halliwell, J.V., and P.R. Adams. 1982. Voltageclamp analysis of muscarinic excitation in
hippocampal neurons. Brain Res. 250, 71-92.

Hallworth, N.E., C.J. Wilson, and M.D. Bevan. 2004. Apamin-sensitive small
conductance calcium-activated potassium channels, through their selective
coupling to voltage-gated calcium channels, are critical determinants of the
precision, pace, and pattern of action potential generation in rat subthalamic



nucleus neurons in vitro. J Neurosci. 23, 7525-42. J. Neurosci. 25, following
1254.

Heilbronner, U., M. van Kampen, and G. Flugge. 2004. The alpha-2B adrenoceptor in the
paraventricular thalamic nucleus is persistently upregulated by chronic
psychosocial stress. Cell Mol Neurobiol. 24, 815-31.

Hille, B. 2001. Ion Channels of Excitable Membranes. Sinauer Associates, Inc.,
Sunderland, MA. 814 pp.

Hoang, Q.V., D. Bajic, M. Yanagisawa, S. Nakajima, and Y. Nakajima. 2003. Effects of
orexin (hypocretin) on GIRK channels. J. Neurophysiol. 90, 693-702.

Hoang, Q.V., P. Zhao, S. Nakajima, and Y. Nakajima. 2004. Orexin (hypocretin) effects
on constitutively active inward rectifier K+ channels in cultured nucleus basalis
neurons. J. Neurophysiol. 92, 3183-91.

Hodgkin, A.L., and P. Horowicz. 1959. The influence of potassium and chloride ions on
the membrane potential of single muscle fibres. J. Physiol. 148, 127-160.

Hofle, N., T. Paus, D. Reutens, P. Fiset, J. Gotman, A.C. Evans, and B.E. Jones. 1997.
Regional cerebral blood flow changes as a function of delta and spindle activity
during slow wave sleep in humans. J. Neurosci. 17, 4800-8.

Holmgqvist, T., K.E. Akerman, J.P. Kukkonen. 2001. High specificity of human orexin
receptors for orexins over neuropeptide Y and other neuropeptides. Neurosci Lett.
305, 177-180.

Holmgqyvist, T., L. Johansson, M. Ostman, S. Ammoun, K.E. Akerman, and J.P.
Kukkonen. 2005. OX1 orexin receptors couple to adenylyl cyclase regulation via
multiple mechanisms. J. Biol Chem. 280, 6570-9.

Horvath, T.L., S. Diano, and A.N. van den Pol. 1999a. Synaptic interaction between
hypocretin (orexin) and neuropeptide Y cells in the rodent and primate
hypothalamus: a novel circuit implicated in metabolic and endocrine regulations.
J. Neurosci. 19, 1072-1087. _

Horvath, T.L., C. Peyron, S. Diano, A. Ivanov, G. Aston-Jones, T.S. Kilduff, and A.N.
van Den Pol. 1999b. Hypocretin (orexin) activation and synaptic innervation of
the locus coeruleus noradrenergic system. J. Comp Neurol. 415, 145-59.

Huang, H., P. Ghosh, and A.N. van den Pol. 2006. Prefrontal cortex-projecting
glutamatergic thalamic paraventricular nucleus-excited by hypocretin: a
feedforward circuit that may enhance cognitive arousal. J. Neurophysiol. 95,
1656-68.

Huguenard, J.R., and D.A. McCormick. 1992. Simulation of the currents involved in
rhythmic oscillations in thalamic relay neurons. J. Neurophysiol. 68, 1373-83.

Huguenard, J.R., 1996. Low-threshold calcium currents in central nervous system
neurons. Annu Rev Physiol. 58, 329-348.

Hur, E.E., and L. Zaborszky. 2005. Vglut2 afferents to the medial prefrontal and primary
somatosensory cortices: a combined retrograde tracing in situ hybridization. J
Comp Neurol. 483, 351-73.

Hwang, L.L., C.T. Chen, and N.J. Dun. 2001. Mechanisms of orexin-induced
depolarizations in rat dorsal motor nucleus of vagus neurones in vitro. J. Physiol.
537, 511-20.



Ichinose, M., M. Asai, M. Sawada, K. Sasaki, and Y. Oomura. 1998. Induction of
outward current by orexin-B in mouse peritoneal macrophages. FEBS Lett. 440,
51-4.

Ida, T., K. Nakahara, T. Kuroiwa, K. Fukui, M. Nakazato, T. Murakami, and N.
Murakami. 2000. Both corticotropin releasing factor and neuropeptide Y are
involved in the effect of orexin (hypocretin) on the food intake in rats. Neurosci
Lett. 293, 119-122.

Ishibashi, M., S. Takano, H. Yanagida, M. Takatsuna, K. Nakajima, Y. Oomura, M.J.
Wayner, and K. Sasaki. 2005. Effects of orexins/hypocretins on neuronal activity
in the paraventricular nucleus of the thalamus in rats in vitro. Peptides. 26, 471-
81.

Ishii, T. M., J. Maylie, and J.P. Adelman. 1997. Determinants of apamin and d-
tubocurarine block in SK potassium channels. J. Biol. Chem. 272, 23195-23200.

Ivanov, A., and G. Aston-Jones. 2000. Hypocretin/orexin depolarizes and decreases
potassium conductance in locus coeruleus neurons. Neuroreport. 11, 1755-8.

Iwamoto, T., S. Kita, A. Uehara, Y. Inoue, Y. Taniguchi, I. Imanaga, and M. Shigekawa.
2001. Structural domains influencing sensitivity to isothiourea derivative inhibitor
KB-R7943 in cardiac Nna(+)/Ca(2+) exchanger. Mol Pharmacol. 59, 524-31.

Jackson, M.B., A. Konnerth, and G.J. Augustine. 1991. Action potential broadening and
frequency-dependent facilitation of calcium signals in pituitary nerve terminals.
Proc Natl Acad Sci. U S A. 88, 380-4.

Jahnsen, H., and R. Llinas. 1984a. Voltage-dependent burst-to-tonic switching of
thalamic cell activity: an in vitro study. Arch Ital Biol. Mar; 122(1):73-82.
Jahnsen, H., and R. Llinas. 1984b. Electrophysiological properties of guinea-pig thalamic

neurones: an in vitro study. J. Physiol. 349, 205-26.

Jan, L.Y., and Y.N. Jan. 1997. Voltage-gated and inwardly rectifying potassium channels.
J. Physiol. 505, 267-82.

Jain, M.R., T.L. Horvath, P.S. Kalra, and S.P. Kalra. 2000. Evidence that NPY Y1
receptors are involved in stimulation of feeding by orexins (hypocretins) in sated
rats. Regul Pept. 87, 19-24.

Jobst, E.E., P.J. Enriori, and M.A. Cowley. 2004. The electrophysiology of feeding
circuits. Trends Endocrinol Metab. 15, :488-99.

Johren, O., S.J. Neidert, M. Kummer, A. Dendorfer, and P. Dominiak. 2001. Prepro-
orexin and orexin receptor mRNAs are differentially expressed in peripheral
tissues of male and female rats. Endocrinology. 142, 3324-31.

Joiner, W.J., L.Y. Wang, M.D. Tang, and L. K. Kaczmarek. 1997. hSK4, a member of a
novel subfamily of calcium-activated potassium channels. Proc Natl Acad Sci. U
S A.94,11013-8.

Jones, E.G. 1998. A new view of specific and nonspecific thalamocortical connections.
Adv Neurol. 77, 49-71; discussion 72-3.

Jones, E.G. 2001. The thalamic matrix and thalamocortical synchrony. Trends Neurosci.
24, 595-601.

Jones, E.G. 2003. Arousal systems. Front Biosci. 8, s438-51.

Kalamatianos, T., I. Kallo, M.L. Goubillon, and C.W. Coen. 2004. Cellular expression of
Vla vasopressin receptor mRNA in the female rat preoptic area: effects of
oestrogen. J. Neuroendocrinol. 16, 525-33.



Kalivas, P.W., and J. Stewart. 1991. Dopamine transmission in the initiation and
expression of drug- and stress-induced sensitization of motor activity. Brain Res
Brain Res Rev. 16, 223-44.

Karschin, C., E. Dibmann, W. Stuhmer, and A. Karschin. 1996. IRK(1-3) and GIRK(1-4)
inwardly rectifying K* channel mRNAs are differentially expressed in the adult
rat brain. J. Neurosci. 16, 3559-3570.

Katz, B. 1949. Les constantes électriques de la membrane du muscle. Arch. Sci. Physiol.
(Paris). 3:285-299.

Kayaba, Y., A. Nakamura, Y. Kasuya, T. Ohuchi, M. Yanagisawa, 1. Komuro, Y.
Fukuda, and T. Kuwaki. 2003. Attenuated defense response and low basal blood
pressure in orexin knockout mice. Am J. Physiol Regul Integr Comp Physiol. 285,
R581-593.

Kelley, A.E. 2004. Ventral striatal control of appetitive motivation: role in ingestive
behavior and reward-related learning. Neurosci Biobehav Rev. 27, 765-776.

Kirchgessner, A.L., and M. Liu. 1999. Orexin synthesis and response in the gut. Neuron.
24,941-51.

Kirouac, G.J., M.P. Parsons, and S. Li. 2005. Orexin (hypocretin) innervation of the
paraventricular nucleus of the thalamus. Brain Res. 1059, 179-88. Epub. 2005 Oct
5.

Kiyashchenko, L.I., B.Y. Mileykovskiy, N. Maidment, H.A. Lam, M.F. Wu, J. John, J.
Peever, and J.M. Siegel. 2002. Release of hypocretin (orexin) during waking and
sleep states. J. Neurosci. 22, 5282-6.

Klugbauer, N., E. Marais, L. Lacinova, and F. Hofmann. 1999. A T-type calcium channel
from mouse brain. Pflugers Arch. 437, 710-5.

Kohlmeier, K.A., T. Inoue, and C.S. Leonard. 2004. Hypocretin/orexin peptide signaling
in the ascending arousal system: elevation of intracellular calcium in the mouse
dorsal raphe and laterodorsal tegmentum. J. Neurophysiol. 92, 221-35. Epub.
2004 Mar 3.

Kolaj, M., and L.P. Renaud. 1998. Vasopressin-induced currents in rat neonatal spinal
lateral horn neurons are G-protein mediated and involve two conductances. J.
Neurophysiol. 80, 1900-10.

Korotkova, T.M., K.S. Eriksson, H.L. Haas, and R.E. Brown. 2002. Selective excitation
of GABAergic neurons in the substantia nigra of the rat by orexin/hypocretin in
vitro. Regul Pept. 104, 83-9.

Korotkova, T.M., O.A. Sergeeva, K.S. Eriksson, HL. Haas, and R.E. Brown. 2003.
Excitation of ventral tegmental area dopaminergic and nondopaminergic neurons
by orexins/hypocretins. J. Neurosci. 23, 7-11.

Koylu, E.O., P.R. Couceyro, P.D. Lambert, and M.J. Kuhar. 1998. Cocaine- and
amphetamine-regulated transcript peptide immunohistochemical localization in
the rat brain. J. Comp Neurol. 391, 115-32.

Krout, K.E., J. Kawano, T.C. Mettenleiter, and A.D. Loewy. 2002. CNS inputs to the
suprachiasmatic nucleus of the rat. Neuroscience. 110, 73-92.

Kukkonen, J.P., T. Holmqvist, S. Ammoun, and K.E. Akerman. 2002. Functions of the
orexinergic/hypocretinergic system. Am J. Physiol Cell Physiol. 283, C1567-91.

Kunii, K., A. Yamanaka, T. Nambu, I. Matsuzaki, K. Goto, and T. Sakurai. 1999.
Orexins/hypocretins regulate drinking behaviour. Brain Res. 842, 256-61.



Lambe, E.K., and G.K. Aghajanian. 2003. Hypocretin (orexin) induces calcium transients
in single spines postsynaptic to identified thalamocortical boutons in prefrontal
slice. Neuron. 40, 139-50.

Lancaster, B., and P.R. Adams. 1986. Calcium-dependent current generating the
afterhyperpolarization of hippocampal neurons. J. Neurophysiol. 55, 1268-1282.

Lancaster, B., and R.A. Nicoll. 1987. Properties of two calcium-activated
hyperpolarizations in rat hippocampal neurones. J. Physiol. 389, 187-203.

Larsson, K.P., HM. Peltonen, G. Bart, L.M. Louhivuori, A. Penttonen, M. Antikainen,
J.P. Kukkonen, and K.E. Akerman. 2005. Orexin-A-induced Ca** entry: evidence
for involvement of trpc channels and protein kinase C regulation. J. Biol Chem.
280, 1771-81. Epub. 2004 Nov 10.

ILee. JJH., ANN. Daud, LL. Cribbs, A.E. Lacerda, A. Pereverzev, U. Klockner, T.
Schneider, and E. Perez-Reyes. 1999. Cloning and expression of a novel member
of the low voltage-activated T-type calcium channel family. J. Neurosci. 19,
1912-21.

Leibowitz, S.F., and K.E. Wortley. 2004. Hypothalamic control of energy balance:
different peptides, different functions. Peptides. 25, 473-504.

Levin, B.E. 2001. Glucosensing neurons do more than just sense glucose. Int J Obes
Relat Metab Disord. 25, Suppl 5:S68-72.

Li, HY., and P.E. Sawchenko. 1998. Hypothalamic effector neurons and extended
circuitries activated in "neurogenic" stress: a comparison of footshock effects
exerted acutely, chronically, and in animals with controlled glucocorticoid levels.
J. Comp Neurol. 393, 244-66.

Lin, L., J. Faraco, R. Li, H. Kadotani, and W. Rogers. 1999. The REM sleep disorder
canine narcolepsy is caused by a mutation in the hypocretin (orexin) receptor
gene. Cell. 98, 365-76.

Liu, R.J., A.N. van den Pol, and G.K. Aghajanian. 2002. Hypocretins (orexins) regulate
serotonin neurons in the dorsal raphe nucleus by excitatory direct and inhibitory
indirect actions. J. Neurosci. 22, 9453-64.

Liu, X.H, R. Morris, D. Spiller, M. White, and G. Williams. 2001. Orexin a
preferentially excites glucose sensitive neurons in the lateral hypothalamus of the
rat in vitro. Diabetes. 50, 2431-7.

Llinas, R., and H. Jahnsen. 1982. Electrophysiology of mammalian thalamic neurones in
vitro. Nature. 297, 406-8.

Llinas, R., M. Sugimori, and S.M. Simon. 1982. Transmission by presynaptic spikelike
depolarization in the squid giant synapse. Proceedings of the National Academy
of Sciences of the USA. 79, 2415—2419.

Lorenzon, N.M., and R.C. Foehring. 1992. Relationship between repetitive firing and
afterhyperpolarizations in human neocortical neurons. J. Neurophysiol. 67, 350-
363.

Lu, SM., W. Guido, and S.M. Sherman. 1993. The brain-stem parabrachial region
controls mode of response to visual stimulation of neurons in the cat's lateral
geniculate nucleus. Vis Neurosci. 10, 631-42.

Lu, X.Y., D. Bagnol, S. Burke, H. Akil, and S.J. Watson. 2000. Differential distribution
and regulation of OX1 and OX2 orexin/hypocretin receptor messenger RNA in
the brain upon fasting. Horm Behav. 37, 335-44.



Lund, P.E., R. Shariatmadari, A. Uustare, M. Detheux, M. Parmentier, J.P. Kukkonen,
and K.E. Akerman. 2000. The orexin OX1 receptor activates a novel Ca®* influx
pathway necessary for coupling to phospholipase C. J. Biol Chem. 275, 30806-12.

Madison, D.V., and R.A. Nicoll. 1982. Noradrenaline blocks accommodation of
pyramidal cell discharge in the hippocampus. Nature. 299, 636-8.

Madison, D.V., and R.A. Nicoll. 1984. Control of the repetitive discharge of rat CAl
pyramidal neurones in vitro. J. Physiol. 354, 319-331.

Ma, M., and J. Koester. 1996. The role of K currents in frequency-dependent spike
broadening in Aplysia R20 neurons: a dynamic-clamp analysis. J. Neurosci. 16,
4089-101.

Marcus, J.N., C.J. Aschkenasi, C.E. Lee, R M. Chemelli, C.B. Saper, M. Yanagisawa,
and J.K. Elmquist. 2001. Differential expression of orexin receptors 1 and 2 in the
rat brain. J. Comp Neurol. 435, 6-25.

Marini, G., L. Pianca, and G. Tredici. 1996. Thalamocortical projection from the
parafascicular nucleus to layer V pyramidal cells in frontal and cingulate areas of
the rat. Neurosci Lett. 203, 81-4.

Marty, A. 1989. The physiological role of calcium-dependent channels. Trends Neurosci.
12, 420-424.

Mason, A., and A. Larkman. 1990. Correlations between morphology and
electrophysiology of pyramidal neurons in slices of rat visual cortex. II
Electrophysiology.

McCormick, D.A. 1992. Neurotransmitter actions in the thalamus and cerebral cortex and
their role in neuromodulation of thalamocortical activity. Prog Neurobiol. 39,
337-388.

McCormick, D.A., and T. Bal. 1997. Sleep and arousal: thalamocortical mechanisms.
Annu Rev Neurosci. 20, 185-215.

McCormick, D.A., B.W. Connors, J.W. Lighthall, and D.A. Prince. 1985. Comparative
electrophysiology of pyramidal and sparsely spiny stellate neurons of the
neocortex. J. Neurophysiol. 54, 782-806.

McCormick, D.A., Z. Wang, and J. Huguenard. 1993. Neurotransmitter control of
neocortical neuronal activity and excitability. Cereb Cortex. 3, 387-98.

Melnick, I.V., S.F. Santos, and B.V. Safronov. 2004. Mechanism of spike frequency
adaptation in substantia gelatinosa neurones of rat. J. Physiol. 559, 383-95. Epub.
2004 Jul 2.

Michaelis, B., and R.A. Chaplain. 1975. Ion conductance changes associated with spike
adaptation in the rapidly adapting stretch receptor of the crayfish. Pflugers Arch.
354, 367-717.

Mitsuma, T., Y. Hirooka, Y. Mori, M. Kayama, K. Adachi, N. Rhue, J. Ping, and T.
Nogimori. 1999. Effects of orexin A on thyrotropin-releasing hormone and
thyrotropin secretion in rats. Horm Metab Res. 31, 606-9.

Moga, MM., and R.Y. Moore. 1997. Organization of neural inputs to the
suprachiasmatic nucleus in the rat. J. Comp Neurol. 389, 508-34.

Moga, MM., R.P. Weis, and R.Y. Moore. 1995. Efferent projections of the
paraventricular thalamic nucleus in the rat. J. Comp Neurol. 359, 221-38.



Monda, M., A. Viggiano, F. Fuccio, and V. Luca. 2004. Injection of orexin A into the
diagonal band of Broca induces sympathetic and hyperthermic reactions. Brain
Res. 1018, 265-71.

Morimoto, M., N. Morita, H. Ozawa, K. Yokoyama, and M. Kawata. 1996. Distribution
of glucocorticoid receptor immunoreactivity and mRNA in the rat brain: an
immunohistochemical and in situ hybridization study. Neurosci Res. 26, 235-69.

Moruzzi, G., and H.W. Magoun. 1949. Electroencephalogr. Clin. NeurophysioL. 1,455
473.

Munsch, T., and .C. Pape. 1999. Modulation of the hyperpolarization-activated cation
current of rat thalamic relay neurones by intracellular pH. J. Physiol. 519, Pt
2:493-504.

Murai, Y., and T. Akaike. 2005. Orexins cause depolarization via nonselective cationic
and K* channels in isolated locus coeruleus neurons. Neurosci Res. 51, 55-65.

Muroya, S., K. Uramura, T. Sakurai, M. Takigawa, and T. Yada. 2001. Lowering glucose
concentrations increases cytosolic Ca2+ in orexin neurons of the rat lateral
hypothalamus. Neurosci Lett. 309, 165-8.

Nambu, T., T. Sakurai, K. Mizukami, Y. Hosoya, M. Yanagisawa, and K. Goto. 1999.
Distribution of orexin neurons in the adult rat brain. Brain Res. 827, 243-260.

Nauta, W.J.H. 1946. Hypothalamic regulation of sleep in rats: an experimental study. J.
Neurophysiol. 9, 285-316.

Newman, L.A., and J.A. Burk. 2005. Effects of excitotoxic thalamic intralaminar nuclei
lesions on attention and working memory. Behav Brain Res. 162, 264-71. Epub.
2005 Apr 22.

Nicoll, R.A. 1988. The coupling of neurotransmitter receptors to ion channels in the
brain. Science. 241, 545-51.

Nishino, S., B. Ripley, S. Overeem, G.J. Lammers, and E. Mignot. 2000. Hypocretin
(orexin) deficiency in human narcolepsy. Lancet. 355, 39-41.

Novak, CM., and A.A. Nunez. 1998. Daily rhythms in Fos activity in the rat
ventrolateral preoptic area and midline thalamic nuclei. Am J. Physiol. 275, (5 Pt
2):R1620-6.

Otake, K., and Y. Nakamura. 1995. Sites of origin of corticotropin-releasing factor-like
immunoreactive projection fibers to the paraventricular thalamic nucleus in the
rat. Neurosci Lett. 201, 84-6.

Otake, K., and D.A. Ruggiero. 1995. Monoamines and nitric oxide are employed by
afferents engaged in midline thalamic regulation. J. Neurosci. 15, (3 Pt 1):1891-
911.

Otake, K., and Y. Nakamura. 1998b. Single midline thalamic neurons projecting to both
the ventral striatum and the prefrontal cortex in the rat. Neuroscience. 86, 635-49.

Otake, K., K. Kin, and Y. Nakamura. 2002. Fos expression in afferents to the rat midline
thalamus following immobilization stress. Neurosci Res. 43, 269-82.

Otake, K. 2005. Cholecystokinin and substance P immunoreactive projections to the
paraventricular thalamic nucleus in the rat. Neurosci Res. 51, 383-94. Epub. 2005
Jan 15.

Oz, M., M. Kolaj, and L.P. Renaud. 2001. Electrophysiological evidence for vasopressin
V(1) receptors on neonatal motoneurons, premotor and other ventral horn
neurons. J. Neurophysiol. 86, 1202-10.



Panula, P., U. Pirvola, S. Auvinen, and M.S. Airaksinen. 1989. Histamine-
immunoreactive nerve fibers in the rat brain. Neuroscience. 28, 585-610.

Pape, H.C. 1996. Queer current and pacemaker: the hyperpolarization-activated cation
current in neurons. Annu Rev Physiol. 58, 299-327.

Parrott, R.F., R.P. Heavens, and B.A. Baldwin. 1986. Stimulation of feeding in the
satiated pig by intracerebroventricular injection of neuropeptide Y. Physiol
Behav. 36, 523-5.

Parsons, M.P., S. Li, and G.J. Kirouac. 2006. The paraventricular nucleus of the thalamus
as an interface between the orexin and CART peptides and the shell of the nucleus
accumbens. Synapse. 59, 480-90.

Paus, T., R.J. Zatorre, N. Hofle, Z. Caramanos, J. Gotman, M. Petrides, and A.C. Evans.
1997. Time-related changes in neural systems underlying attention and arousal
during the performance of an auditory vigilance task, J. Cogn. Neurosci. 9, 392-
408.

Paus, T., L. Koski, Z. Caramanos, and C. Westbury. 1998. Regional differences in the
effects of task difficulty and motor output on blood flow response in the human
anterior cingulate cortex: a review of 107 PET activation studies. Neuroreport. 9,
R37-47.

Pedarzani, P., J. Mosbacher, A. Rivard, L.A. Cingolani, D. Oliver, M. Stocker, J.P.
Adelman, and B. Fakler. 2001. Control of electrical activity in central neurons by
modulating the gating of small conductance Ca’*-activated K* channels. J. Biol
Chem. 276, 9762-9. Epub. 2000 Dec 27.

Peng, Z.C., and M. Bentivoglio. 2004. The thalamic paraventricular nucleus relays
information from the suprachiasmatic nucleus to the amygdala: a combined
anterograde and retrograde tracing study in the rat at the light and electron
microscopic levels. J. Neurocytol. 33, 101- 16.

Peng, Z.C., G. Grassi-Zucconi, amd M. Bentivoglio. 1995. Fos-related protein expression
in the midline paraventricular nucleus of the rat thalamus: basal oscillation and
relationship with limbic efferents. Exp Brain Res. 104, 21-9.

Pennartz, C.M., H.J. Groenewegen, amd F.H. Lopes da Silva. 1994. The nucleus
accumbens as a complex of functionally distinct neuronal ensembles: an
integration of behavioural, electrophysiological and anatomical data. Prog
Neurobiol. 42, 719-61.

Perez-Reyes, E. 1998. Molecular characterization of a novel family of low voltage-
activated, T-type, calcium channels. J. Bioenerg Biomembr. 30, 313-8.

Peschanski, M., and J.M. Besson. 1984. A spino-reticulo-thalamic pathway in the rat: an
anatomical study with reference to pain transmission. Neuroscience. 12, 165-78.

Peyron, C., D.K. Tighe, A.N. van den Pol, L. de Lecea, H.C. Heller, J.G. Sutcliffe, and
T.S. Kilduff. 1998. Neurons containing hypocretin (orexin) project to multiple
neuronal systems. J. Neurosci. 18, 9996-10015.

Peyron, C., J. Faraco, W. Rogers, B. Ripley, S. Overeem, Y. Charnay, S. Nevsimalova,
M. Aldrich, D. Reynolds, R. Albin, R. Li, M. Hungs, M. Pedrazzoli, M. Padigaru,
M. Kucherlapati, J. Fan, R. Maki, G.J. Lammers, C. Bouras, R. Kucherlapati, S.
Nishino, and E. Mignot. 2000. A mutation in a case of early onset narcolepsy and
a generalized absence of hypocretin peptides in human narcoleptic brains. Nat
Med. 6, 991-7.



Pillot, C., A. Heron, V. Cochois, J. Tardivel-Lacombe, X. Ligneau, J.C. Schwartz, J.M.
Arrang. 2002. A detailed mapping of the histamine H(3) receptor and its gene
transcripts in rat brain. Neuroscience. 114, 173-93.

Pinto, A., M. Jankowski, S.R. Sesack. 2003. Projections from the paraventricular nucleus
of the thalamus to the rat prefrontal cortex and nucleus accumbens shell:
ultrastructural characteristics and spatial relationships with dopamine afferents. J.
Comp Neurol. 459, 142-55.

Purpura, K.P., and N.D. Schiff. 1997. The thalamic intralaminar nuclei: a role in visual
awareness, Neuroscientist. 3, 8-15.

Pu, S., MR. Jain, P.S. Kalra, and S.P. Kalra. 1998. Orexins, a novel family of
hypothalamic neuropeptides, modulate pituitary luteinizing hormone secretion in
an ovarian steroid-dependent manner. Regul Pept. 78, 133-6.

Quattrocki, E.A., J. Marshall, and L.K. Kaczmarek. 1994. A Shab potassium channel
contributes to action potential broadening in peptidergic neurons. Neuron. 12, 73-
86.

Ranson, S.W. 1939. Somnolence caused by hypothalamic lesions in the monkey. Arch.
Neurol. Psychiatry. 41, 1-23.

Reinagel, P., D. Godwin, S.M. Sherman, and C. Koch. 1999. Encoding of visual
information by LGN bursts. J. Neurophysiol. 81, 2558-69.

Reppert, SM., and D.R. Weaver. 2001. Molecular analysis of mammalian circadian
rhythms. Annu Rev Physiol. 63, 647-76.

Reti, LM., R. Reddy, P.F. Worley, and J.M. Baraban. 2002. Selective expression of Narp,
a secreted neuronal pentraxin, in orexin neurons. J. Neurochem. 82, 1561-5.

Rico, B., and C. Cavada. 1998. Adrenergic innervation of the monkey thalamus: an
immunohistochemical study. Neuroscience. 84, 839-47.

Risold, P.Y., B. Griffond, T.S. Kilduff, J.G. Sutcliffe, and D. Fellmann. 1999.
Preprohypocretin (orexin) and prolactin-like immunoreactivity are coexpressed by
neurons of the rat lateral hypothalamic area. Neurosci Lett. 259, 153-6.

Robinson, R.B., and S.A. Siegelbaum. 2003. Hyperpolarization-activated cation currents:
from molecules to physiological function. Annu Rev Physiol. 65, 453-80. Epub.
2002 Nov 19.

Rosin, D.L., M.C. Weston, C.P. Sevigny, R.L. Stornetta, and P.G. Guyenet. 2003.
Hypothalamic orexin (hypocretin) neurons express vesicular glutamate
transporters VGLUT1 or VGLUT?2. J. Comp Neurol. 465, 593-603.

Russell, S.H., C.J. Small, C.L. Dakin, C.R. Abbott, D.G.A. Morgan, M.A. Ghatei, and
S.R. Bloom. 2001. The central effects of orexin-A in the hypothalamic-pituitary-
adrenal axis in vivo and in vitro in male rats. J. Neuroendocrinol 13, 561-566.

Sabatini, B.L., and W.G. Regehr. 1997. Control of neurotransmitter release by
presynaptic waveform at the granule cell to Purkinje cell synapse. Journal of
Neuroscience. 17, 3425—3435.

Sah, P. 1996. Ca(2+)-activated K+ currents in neurones: types, physiological roles and
modulation. rends Neurosci. 19, 150-4. Review.

Sah, P., and E.S. Faber. 2002. Channels underlying neuronal calcium-activated potassium
currents. Prog Neurobiol 66, 345-353.



Saito, Y., M. Cheng, F.M. Leslie, and O. Civelli. 2001. Expression of the melanin-
concentrating hormone (MCH) receptor mRNA in the rat brain. J. Comp Neurol.
435, 26-40.

Sakurai, A., N.R. Darghouth, R.J. Butera, and P.S. Katz. 2006. Related Articles,
Serotonergic enhancement of a 4-AP-sensitive current mediates the synaptic
depression phase of spike timing-dependent neuromodulation. J. Neurosci.26,
2010-21.

Sakurai, T., A. Amemiya, M. Ishii, I. Matsuzaki, R.M. Chemelli, H. Tanaka, S.C.
Williams, J.A. Richarson, G.P. Kozlowski, S. Wilson, J.R. Arch, R.E.
Buckingham, A.C. Haynes, S.A. Carr, R.S. Annan, D.E. McNulty, W.S. Liu, J.A.
Terrett, N.A. Elshourbagy , D.J. Bergsma, and M. Yanagisawa. 1998. Orexins and
orexin receptors: a family of hypothalamic neuropeptides and G protein-coupled
receptors that regulate feeding behavior. Cell. 92, 573-585.

Sakurai, T. 1999. Orexins and orexin receptors: implication in feeding behavior. Regul
Pept. 85, 25-30.

Sakurai, T., R. Nagata, A. Yamanaka, H. Kawamura, N. Tsujino, Y. Muraki, H.
Kageyama, S. Kunita, S. Takahashi, K. Goto, Y. Koyama, S. Shioda, and M.
Yanagisawa. 2005. Input of orexin/hypocretin neurons revealed by a genetically
encoded tracer in mice. Neuron. 46, 297-308. Erratum in: Neuron. 2005. 46, 837.

Salamone, J.D., M. Correa, S.M. Mingote, and S.M. Weber. 2005. Beyond the reward
hypothesis: alternative functions of nucleus accumbens dopamine. Curr Opin
Pharmacol. 5, 3441.

Salazar-Juarez, A., C. Escobar, and R. Aguilar-Roblero. 2002. Anterior paraventricular
thalamus modulates light-induced phase shifts in circadian rhythmicity in rats.
Am J. Physiol Regul Integr Comp Physiol. 283, R897-904. '

Samson, W.K., B. Gosnell, JK. Chang, Z.T. Resch, and T.C. Murphy. 1999.
Cardiovascular regulatory actions of the hypocretins in brain. Brain Res. 831,
248-53.

Santoro, B., S. Chen, A. Luthi, P. Pavlidis, G.P. Shumyatsky, G.R. Tibbs, and S.A.
Siegelbaum. 2000. Molecular and functional heterogeneity of hyperpolarization-
activated pacemaker channels in the mouse CNS. J. Neurosci. 20, 5264-75.

Sawczuk, A., R.K. Powers, M.D. Binder. 1995. Spike frequency adaptation studied in
hypoglossal motoneurons of the rat. J. Neurophysiol. 73, 1799-810.

Scammell, T.E. 2003. The neurobiology, diagnosis, and treatment of narcolepsy. Ann
Neurol. 53, 154-66.

Schwindt, P.C., W.J. Spain, R.C. Foehring, C.E. Stafstrom, M.C. Chubb, and W.E. Crill.
1988. Multiple potassium conductances and their functions in neurons from cat
sensorimotor cortex in vitro. J. Neurophysiol. 59, 424-449.

Schwindt, P.C., and W.E. Crill. 1982. Factors influencing motoneuron rhythmic firing:
results from a voltage-clamp study. J. Neurophysiol. 48, 875-890.

Senba, E., K. Matsunaga, M. Tohyama, and K. Noguchi. 1993. Stress-induced c-fos
expression 1in the rat brain: activation mechanism of sympathetic pathway. Brain
Res Bull. 31, 329-44.

Sewards, T.V., and M.A. Sewards. 2003. Representations of motivational drives in
mesial cortex, medial thalamus, hypothalamus and midbrain. Brain Res Bull. 61,
25-49.



Shao, L.R., R. Halvorsrud, L. Borg-Graham, and J.F. Storm. 1999. The role of BK-type
Ca®*-dependent K* channels in spike broadening during repetitive firing in rat
hippocampal pyramidal cells. J. Physiol. 521, 135-46.

Sherman, S.M. 2001. Tonic and burst firing: dual modes of thalamocortical relay. Trends
Neurosci. 24, 122-6.

Sherman, S.M. 2001. A wake-up call from the thalamus. Nat Neurosci. 4, 344-6.

Sherman, S.M. 1996. Dual response modes in lateral geniculate neurons: mechanisms
and functions. Vis Neurosci. 13, 205-13.

Sherman, S.M., and R.W. Guillery. 1996. Functional organization of thalamocortical
relays. J. Neurophysiol. 76, 1367-95.

Shibahara, M., T. Sakurai, T. Nambu, T. Takenouchi, H. Iwaasa, S.I. Egashira, M. Ihara,
and K. Goto. 1999. Structure, tissue distribution, and pharmacological
characterization of Xenopus orexins. Peptides. 20, 1169-1176.

Shiraishi, T., Y. Oomura, K. Sasaki, and M.J. Wayner. 2000. Effects of leptin and orexin-
A on food intake and feeding related hypothalamic neurons. Physiol Behav. 71,
251-61.

Shirasaka, T., M. Nakazato, S. Matsukura, M. Takasaki, and H. Kannan. 1999.
Sympathetic and cardiovascular actions of orexins in conscious rats. Am J.
Physiol. 277, R1780-1785.

Shirasaka, T., S. Miyahara, T. Kunitake, Q.H. Jin, K. Kato, M. Takasaki, and H. Kannan.
2001. Orexin depolarizes rat hypothalamic paraventricular nucleus neurons. Am J.
Physiol Regul Integr Comp Physiol. 281, R1114-8.

Shirasaka, T., M. Takasaki, and H. Kannan. 2003. Cardiovascular effects of leptin and
orexins. Am J. Physiol Regul Integr Comp Physiol. 284, R639-51.

Siegel, J.M. 1999. Narcolepsy: a key role for hypocretins (orexins). Cell. 98, 409-12

Smart, D., J.C. Jerman, S.J. Brough, S.L. Rushton, P.R. Murdock, and F. Jewitt. 1999.
Elshourbagy NA, Ellis CE, Middlemiss DN, Brown F. Characterization of
recombinant human orexin receptor pharmacology in a Chinesehamster ovary
cell-line using FLIPR. Br J. Pharmacol. 128, 1-3.

Smart, D., C. Sabido-David, S.J. Brough, F. Jewitt, A. Johns, R.A. Porter, and J.C.
Jerman. 2001. SB-334867-A: the first selective orexin-1 receptor antagonist. Br J
Pharmacol. 132, 1179-1182.

Smith, B.N., S.F. Davis, A.N. Van Den Pol, and W. Xu. 2002. Selective enhancement of
excitatory synaptic activity in the rat nucleus tractus solitarius by hypocretin 2.
Neuroscience. 115, 707-14. Conscious Cogn. 1997. 6, 455-81.

Smythies, J. 1997. The functional neuroanatomy of awareness: with a focus on the role of
various anatomical systems in the control of intermodal attention. Conscious
Cogn. 6, 455-81.

Soffin, EM., M.L. Evans, C.H. Gill, M.H. Harries, C.D. Benham, and C.H. Davies.
2002. SB-334867-A antagonises orexin mediated excitation in the locus
coeruleus. Neuropharmacology. 42, 127-33.

Soffin, EM., CH. Gill, SJ. Brough, J.C. Jerman, and C.H. Davies. 2004.
Pharmacological characterisation of the orexin receptor subtype mediating
postsynaptic excitation in the rat dorsal raphe nucleus. Neuropharmacology. 46,
1168-76.



Spencer, S.J., J.C. Fox, and T.A. Day. 2004. Thalamic paraventricular nucleus lesions
facilitate central amygdala neuronal responses to acute psychological stress. Brain
Res. 997, 234-7.

Spinazzi, R., P.G. Andreis, G.P. Rossi, and G.G. Nussdorfer. 2006. Orexins in the
regulation of the hypothalamic-pituitary-adrenal axis. Pharmacol Rev. 58, 46-57.

Stanley, S., K. Wynne, B. McGowan, and S. Bloom. 2005. Hormonal regulation of food
intake. Physiol Rev. 85, 1131-58.

Stephenson, C.P., G.E. Hunt, A.N. Topple, and 1.S. McGregor. 1999. The distribution of
3,4-methylenedioxymethamphetamine "Ecstasy”-induced c-fos expression in rat
brain. Neuroscience. 92, 1011-23.

Steriade, M., R. Curro Dossi, and D. Contreras. 1993. Electrophysiological properties of
intralaminar thalamocortical cells discharging rhythmic (approximately 40 HZ)
spike-bursts at approximately 1000 HZ during waking and rapid eye movement
sleep. Neuroscience. 56, 1-9.

Steriade, M., S. Datta, D. Pare, G. Oakson, and R.C. Curro Dossi. 1990. Neuronal
activities in brain-stem cholinergic nuclei related to tonic activation processes in
thalamocortical systems. J. Neurosci. 10, 2541-59.

Steriade, M., and R.R. Llinas. 1988. The functional states of the thalamus and the
associated neuronal interplay. Physiol Rev. 68, 649-742.

Steriade, M. 2004. Local Gating of Information Processing through the Thalamus.
Neuron. 41, 493-4,

Stocker, M., M. Krause, and P. Pedarzani. 1999. An apamin-sensitive Ca®* -activated K*
current in hippocampal pyramidal neurons. Proc Natl Acad Sci. U S A. 96, 4662—
4667.

Stocker, M., and P. Pedarzani. 2000. Differential distribution of three Ca(2+)-activated
K(+) channel subunits, SK1, SK2, and SK3, in the adult rat central nervous
system. Mol Cell Neurosci. 15, 476-93.

Storm, J.F. 1990. Potassium currents in hippocampal pyramidal cells. Prog Brain Res. 83,
161-87. ’

Sturm, W., A. de Simone, B.J. Krause, K. Specht, V. Hesselmann, I. Radermacher, H.
Herzog, L. Tellmann, H-W. Muller-Gartner, and K. Willmes. 1999. Functional
anatomy of intrinsic alertness: evidence for a fronto-parietal-thalamic-brainstem
network in the right hemisphere. Neuropsychologia. 37, 797-805.

Su, H.S., and M. Bentivoglio. 1990. Thalamic midline cell populations projecting to the
nucleus accumbens, amygdala, and hippocampus in the rat. J. Comp Neurol. 297,
582-93.

Sutcliffe, J.G., and L. de Lecea. 2002. The hypocretins: setting the arousal threshold. Nat
Rev Neurosci. 3, 339-49.

Swett, C., and J. Hobson. 1968. The effects of posterior hypothalamic lesions on
behavioral and electrographic manifestations of sleep and waking in cats. Arch.
Ital. Biol. 106, 270-282.

Takahashi, K., Q.P. Wang, J.L. Guan, Y. Kayama, S. Shioda, and Y. Koyama. 2005.
State-dependent effects of orexins on the serotonergic dorsal raphe neurons in the
rat. Regul Pept. 126, 43-7.



Talley, E'M., L.L. Cribbs, J.H. Lee, A. Daud, E. Perez-Reyes, and D.A. Bayliss. 1999.
Differential distribution of three members of a gene family encoding low voltage
activated (T-type) calcium channels. J. Neurosci 19, 1895-1911.

Traub, R.J., E. Silva, G.F. Gebhart, and A. Solodkin. 1996. Noxious colorectal distention
induced-c-Fos protein in limbic brain structures in the rat. Neurosci Lett. 215,
165-8.

Trivedi, P., H. Yu, D.J. MacNeil, L.H. Van der Ploeg, and X.M. Guan. 1998. Distribution
of orexin receptor mRNA in the rat brain. FEBS Lett. 438, 71-75

Thannickal, T.C., R.Y. Moore, R. Nienhuis, L. Ramanathan, S. Gulyani, M. Aldrich, M.
Cornford, and J.M. Siegel. 2000. Reduced number of hypocretin neurons in
human narcolepsy. Neuron. 27, 469-474.

Thomson, A.M. 1984. Slow, regular discharge in suprachiasmatic neurons is calcium
dependent, in slices of rat brain. Neuroscience. 13, 761-767.

Thomson A.M., and D.C. West. 1990. Factors affecting slow regular firing in the
suprachiasmatic nucleus in vitro. J. Biol Rhythm. 5, 59-75.

Uramura, K., H. Funahashi, S. Muroya, S. Shioda, M. Takigawa, and T. Yada. 2001.
Orexin-a activates phospholipase C- and protein kinase C-mediated Ca2+
signaling in dopamine neurons of the ventral tegmental area. Neuroreport. 12,
1885-9.

Van den Pol, AN., X.B. Gao, K. Obrietan, T.S. Kilduff, and A.B. Belousov. 1998.
Presynaptic and postsynaptic actions and modulation of neuroendocrine neurons
by a new hypothalamic peptide, hypocretin/orexin. J. Neurosci. 18, 7962-71.

Van den Pol, A.N. 1999. Hypothalamic hypocretin (orexin): robust innervation of the
spinal cord. J. Neurosci. 19, 3171-82.

Van Den Pol, AN, P.R. Patrylo, PK. Ghosh, and X.B. Gao. 2001. Lateral
hypothalamus: early developmental expression and response to hypocretin
(orexin). J. Comp Neurol. 433, 349-63.

Van den Pol, A.N., P.K. Ghosh, R.J. Liu, Y. Li, G.K. Aghajanian, and X.B. Gao. 2002.
Hypocretin (orexin) enhances neuron activity and cell synchrony in developing
mouse GFP-expressing locus coeruleus. J. Physiol. 541, 169-85.

Van den Top, M., M.F. Nolan, K. Lee, P.J. Richardson, R.M. Buijs, C. Davies, and D.
Spanswick. 2003. Orexins induce increased excitability and synchronisation of rat
sympathetic preganglionic neurons. J. Physiol. 549, 809-821.

Van den Top, M., K. Lee, A.D. Whyment, A.M. Blanks, and D. Spanswick. 2004.
Orexigen-sensitive NPY/AgRP pacemaker neurons in the hypothalamic arcuate
nucleus. Nat Neurosci. 7, 493-4. Epub. 2004 Apr 18.

Van der Werf, Y.D., M.P. Witter, and H.J. Groenewegen. 2002. The intralaminar and
midline nuclei of the thalamus. Anatomical and functional evidence for
participation in processes of arousal and awareness. Brain Res Brain Res Rev. 39,
107-40.

Van der Werf, Y.D., J. Jolles, M.P. Witter, and H.B. Uylings. 2003. Contributions of
thalamic nuclei to declarative memory functioning. Cortex. 39, 1047-62.

Vergara, C., R. Latorre, N.V. Marrion, and J.P. Adelman. 1998. Calcium-activated
potassium channels. Curr. Opin. Neurobiol. 8, 321-329.

Vertes, R.P. 2004. Differential projections of the infralimbic and prelimbic cortex in the
rat. Synapse. 51, 32-58.



Visser, D.T., Z. Hu, R.J. Pasterkamp, M. Morimoto, and M. Kawata. 1996. The alteration
of glucocorticoid receptor-immunoreactivity in the rat forebrain following short-
term and long-term adrenalectomy. Brain Res. 729, 216-22.

Von Economo, C. 1930. Sleep as a problem of localization. J. Nerv. Ment. Dis. 71, 249—
259

Walker, D.L., D.J. Toufexis, and M. Davis. 2003. Role of the bed nucleus of the stria
terminalis versus the amygdala in fear, stress, and anxiety. Eur J. Pharmacol. 463,
199-216.

Watts, A.G., and L.W. Swanson. 1987. Efferent projections of the suprachiasmatic
nucleus: II. Studies using retrograde transport of fluorescent dyes and
simultaneous peptide immunohistochemistry in the rat. J. Comp Neurol. 258, 230-
52.

Widdowson, P.S., R. Upton, L. Henderson, R. Buckingham, S. Wilson, and G. Williams.
1997. Reciprocal regional changes in brain NPY receptor density during dietary
restriction and dietary-induced obesity in the rat. Brain Res. 774, 1-10.

Williams, ML.E., M.S. Washburn, M. Hans, A. Urrutia, P.F. Brust, P. Prodanovich, M.M.
Harpold, and K.A. Stauderman. 1999. Structure and functional characterization of
a novel human low-voltage activated calcium channel. J. Neurochem. 72, 791-9.

Winsky-Sommerer, R., A. Yamanaka, S. Diano, E. Borok, A.J. Roberts, T. Sakurai, T.S.
Kilduff, T.L. Horvath, and L. de Lecea. 2004. Interaction between the
corticotropin-releasing factor system and hypocretins (orexins): a novel circuit
mediating stress response. J. Neurosci. 24, 11439-48.

Wise, R.A., P. Newton, K. Leeb, B. Burnette, D. Pocock, and J.B.Jr Justice. 1995.
Fluctuations in nucleus accumbens dopamine concentration during intravenous
cocaine self-administration in rats. Psychopharmacology (Berl). 120, 10-20.

Wu, X., J. Gao, J. Yan, C. Owyang, and Y. Li. 2004. Hypothalamus-brain stem circuitry
responsible for vagal efferent signaling to the pancreas evoked by hypoglycemia
in rat. J. Neurophysiol. 91, 1734-47.

Xia, J.X., X.W. Chen, S.Y. Cheng, and Z.A. Hu. 2005. Mechanisms of orexin A-evoked
changes of intracellular calcium in primary cultured cortical neurons.
Neuroreport. 16, 783-6.

Xi, M.C., S.J. Fung, J. Yamuy, F.R. Morales, and M.H. Chase. 2002. Induction of active
(REM) sleep and motor inhibition by hypocretin in the nucleus pontis oralis of the
cat. J. Neurophysiol. 87, 2880-8.

Xi, M.C., S.J. Fung, J. Yamuy, F.R. Morales, and M.H. Chase. 2003. Hypocretinergic
facilitation of synaptic activity of neurons in the nucleus pontis oralis of the cat.
Brain Res. 976, 253-8.

Xu, R, S.G. Roh, C. Gong, M. Hernandez, Y. Ueta, and C. Chen. 2003. Orexin-B
augments voltage-gated L-type Ca(2+) current via protein kinase C-mediated
signalling pathway in ovine somatotropes. Neuroendocrinology. 77, 141-52.

Xu, R., Q. Wang, M. Yan, M. Hernandez, C. Gong, W.C. Boon, Y. Murata, Y. Ueta, and
C. Chen. 2002. Orexin-A augments voltage-gated Ca** currents and
synergistically increases growth hormone (GH) secretion with GH-releasing
hormone in primary cultured ovine somatotropes. Endocrinology. 143, 4609-19.



Yamada, H., T. Okumura, W. Motomura, Y. Kobayashi, and Y. Kohgo. 2000. Inhibition
of food intake by central injection of anti-orexin antibody in fasted rats. Biochem
Biophys Res Commun. 267, 527-31.

Yamamoto, Y., Y. Ueta, Y. Hara, R. Serino, M. Nomura, 1. Shibuya, A. Shirahata, and H.
Yamashita. 2000. Postnatal development of orexin/hypocretin in rats. Brain Res
Mol Brain Res. 78, 108-19.

Yamanaka, A., K. Kunii, T. Nambu, N. Tsujino, A. Sakai, I. Matsuzaki, Y. Miwa, K.
Goto, and T. Sakurai. 2000. Orexin-induced food intake involves neuropeptide Y
pathway. Brain Res. 859,404—409.

Yamanaka, A., N. Tsujino, H. Funahashi, K. Honda, J.L. Guan, Q.P. Wang, M.
Tominaga, K. Goto, S. Shioda, and T. Sakurai. 2002. Orexins activate
histaminergic neurons via the orexin 2 receptor. Biochem Biophys Res Commun.
290, 1237-45.

Yamasaki, H., K.S LaBar, and G. McCarthy. 2002. Dissociable prefrontal brain systems
for attention and emotion. Proc Natl Acad Sci U S A. 99, 11447-51.

Yamuy, J., S.J. Fung, and M. Xi. 2004. Chase MH. Hypocretinergic control of spinal
cord motoneurons. J. Neurosci. 24, 5336-4.

Yang, B., and A.V. Ferguson. 2002. Orexin-A depolarizes dissociated rat area postrema
neurons through activation of a nonselective cationic conductance. J. Neurosci.
22, 6303-8.

Yang, B., and A.V. Ferguson. 2003a. Orexin-A depolarizes nucleus tractus solitarius
neurons through effects on non-selective cationic and K conductances. J.
Neurophysiol. 89, 2167-2175.

Yang, B., W.K. Samson, and A.V. Ferguson 2003b. Excitatory effects of orexin-A on
nucleus tractus solitarius neurons are mediated by phospholipase C and protein
kinase C. J. Neurosci., 23, 6215-22.

Yoshida, K., S. McCormack, R.A. Espana, A. Crocker, and T.E. Scammell. 2006.
Afferents to the orexin neurons of the rat brain. J. Comp Neurol. 494, 845-61.

Young, C.D., and A.Y. Deutch. 1998. The effects of thalamic paraventricular nucleus
lesions on cocaine-induced locomotor activity and sensitization. Pharmacol
Biochem Behav. 60, 753-8.

Young, E.A., R.L. Spencer, and B.S. McEwen. 1990. Changes at multiple levels of the
hypothalamo-pituitary adrenal axis following repeated electrically induced
seizures. Psychoneuroendocrinology. 15, 165-72.

Yue, C., S. Remy, H. Su, H. Beck, and Y. Yaari. 2005. Proximal persistent Na+ channels
drive spike afterdepolarizations and associated bursting in adult CA1 pyramidal
cells. J. Neurosci. 25, 9704-20.

Zheng, H., L.M. Patterson, and H.R. Berthoud. 2005. Orexin-A projections to the caudal
medulla and orexin-induced c-Fos expression, food intake, and autonomic
function. J. Comp Neurol. 485, 127-42.



