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ABSTRACT

ANATOMY AND FUNCTION OF OREXIN-CONTAINING NEURONS IN DAY-
AND NIGHT-ACTIVE ANIMALS

By
Joshua Patrick Nixon

The orexins are a family of hypothalamic peptides implicated in the
modulation of feeding, arousal state, and somatomotor functions. The first part of
this dissertation examines the distribution of cell bodies and fibers expressing
immunoreactivity for orexin A (OXA) or orexin B (OXB) in two nocturnal rodents,
the Long-Evans rat (Rattus norvegicus) and Syrian hamster (Mesocricetus
auratus), and two diurnal rodents, the Nile grass rat (Arvicanthis niloticus) and
the degu (Octodon degus). | show that although the overall distribution of orexin
is very similar in these species, there are significant species differences in the
distribution of orexin cell bodies as well as in the density of orexin-IR fibers in
some regions. Specifically, | show species differences in the organization of the
main body of orexin neurons in the lateral hypothalamus, and provide evidence
for a previously undescribed population of OXA neurons in the magnocellular
neurosecretory nuclei of the hypothalamus. With respect to orexin fiber density,
the differences observed were few, but dramatic. The majority of the differences
were observed in the degu, suggesting that this species is an outlier.

The second series of experiments investigated the functional and
anatomical relationships between the orexins and patterns of activity in the grass
rat. Some individuals of this species switch to a more nocturnal pattern of activity

when given access to a running wheel, while others continue to be most active



during the day. In both day- and night-active grass rats, the percentages of
orexin A (OXA) and orexin B (OXB) cells expressing Fos were highest when
animals were actively running in wheels. In night-active animals, removal of the
running wheel significantly decreased Fos expression in OXA and OXB cells.
Additionally, in night-active animals, clear regional differences were apparent,
such that the presence of a wheel induced Fos in a higher percentage of orexin
cells in medial regions of the lateral hypothalamus (LH) than in lateral regions.
No regional differences were observed in day-active animals.

| also characterize the relationship between the orexins and neuropeptide-
Y cells in the intergeniculate leaflet (IGL). These cells are known to modulate
effects of arousal on the mammalian circadian system. However, the route
through which this information reaches the IGL has not been established. |
present evidence that OXA and OXB cells have projections to the IGL that
appear to make contact with NPY cells, and discuss the possibility that these
fibers may be involved in relaying feedback regarding the activity state of the
animal to the circadian system through these projections. Next, | demonstrate
that many NPY cells in the grass rat IGL exhibiting OXA fiber appositions are
significantly more likely to express Fos during nocturnal wheel running than are
NPY cells without such contacts (p<0.001). Finally, using the retrograde tract-
tracer cholera toxin B, | show that 20 percent of all OXA neurons project to the
IGL, and that these OXA neurons projecting to the IGL do not form a

topographically isolated cluster of cells within the lateral hypothalamus.
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CHAPTER 1

Introduction

General Introduction

The research in this dissertation focuses upon two major goals. One is to
describe species differences in the distribution of the orexins, peptides implicated
in the regulation of ingestive behavior, sleep-wake and general arousal, and the
modulation of somatomotor functions. The second is to examine the functional
and anatomical relationships between the orexins and activity state in the diurnal
grass rat, Arvicanthis niloticus. In this introductory chapter | will provide (1) an
overview of the orexins and their function, (2) a short description of the grass rat,
the primary animal model used in these studies, and (3) a summary of the

questions addressed in each chapter of this thesis.

Overview of orexin

Orexin discovery

When the discovery of a novel peptide apparently limited to cell bodies in
the hypothalamus was announced in 1998 (de Lecea et al. 1998; Sakurai et al.
1998), interest was high due to the possibility of its involvement with feeding. The
peptide, dubbed orexin by Sakurai et. al. (1998) and hypocretin by de Lecea et.
al. (1998), was independently discovered in two laboratories using very different
methods. One group isolated the long form of orexin, orexin A (OXA), by
searching for ligands for “orphaned” G-protein coupled receptors (Sakurai et al.

1998). The second group first isolated the precursor protein, preproorexin, in



1996 using a subtractive PCR technique to recover hypothalamus-specific
proteins (Gautvik et al. 1996) but did not publish a detailed investigation of the
precursor or its derivatives until early in 1998 (de Lecea et al. 1998).

The initial reports of these discoveries showed that the orexins are a
family containing two peptides, the 33 amino acid OXA (hypocretin-1) and the
shorter 28 amino acid orexin B (OXB, hypocretin-2), both derived from the
precursor protein, preproorexin (PPO), through proteolytic processing (de Lecea
et al. 1998; Sakurai et al. 1998). The PPO gene, which is highly conserved
across species, has some similarities with the secretin/incretin family of peptides
(de Lecea et al. 1998), and appears to have arisen early during chordate
evolution through a circular mutation of an incretin gene (Alvarez and Sutcliffe
2002). Orexin has been identified in all major vertebrate taxa, including fish
(Kaslin et al. 2004; Huesa et al. 2005), amphibians (Shibahara et al. 1999;
Yamamoto et al. 2004; Singletary et al. 2005), reptiles (Farrell et al. 2003), birds
(Ohkubo et al. 2002), and mammals (Sakurai et al. 1999). Preproorexin mRNA
was initially reported to be limited to cell bodies in the lateral hypothalamus (LH)
(Gautvik et al. 1996), although more recent reports have provided evidence for
orexin neurons in other brain regions, including the amygdala, median eminence,
and ependyma (Chen et al. 1999; Kummer et al. 2001; Ciriello et al. 2003c).
Because the orexin cells outside of the lateral hypothalamus have not been
extensively studied, references to orexin neurons in this dissertation will refer
only to neurons in the main population of orexin cells located near the fornix,

unless otherwise specified. To avoid confusion when discussing the distribution



of orexin-containing neurons, references to the lateral hypothalamus as a whole
in this dissertation will be designated using the abbreviation LH, while the lateral
hypothalamic area, a specifically defined subregion of the LH, will be referred to
as LHA.

The orexins bind to two G-protein coupled receptors; OXA binds equally to
either orexin receptor 1 (OX4R) or orexin receptor 2 (OXzR); OXB binds to both
receptors but displays moderate selectivity for OX;R (Sakurai et al. 1998; Smart
et al. 1999). Orexin A and B have been shown to act directly upon axon terminals
to increase the release of both GABA and glutamate (van den Pol et al. 1998).
The orexins may also affect the presynaptic effect of Ca?*-dependent transmitters
by increasing calcium levels, both through mobilization of internal Ca?* stores
and through secondary influx of external calcium (Smart et al. 1999).

Although the total number of orexin neurons is fairly small, axonal
projections from these cells extend from the LH to many regions of the rat brain
and spinal cord (Peyron et al. 1998; Chen et al. 1999; Cutler et al. 1999; Date et
al. 1999; Nambu et al. 1999). The overall distribution of orexin fibers in the rat
brain and spinal cord suggested that, in addition to feeding actions, the orexins
might be involved in the sleep-wake cycle, emotional responses,
thermoregulation and nocioception (Peyron et al. 1998; Cutler et al. 1999;
Nambu et al. 1999).

There is also strong evidence for an important role for orexin outside of
the central nervous system. Both orexin and orexin receptors are present in

peripheral tissues. Both PPO and orexin receptor mRNA are present in the gut in



several species, including rats, guinea pigs, sheep, and humans (Kirchgessner
and Liu 1999; Ehrstrom et al. 2005). Additionally, PPO mRNA has been identified
in the heart and testicular tissue of rats (Johren et al. 2001), and orexin receptors
have been found in rat lung, as well as the adrenal glands and gonads of both

rats and sheep (Johren et al. 2001; Zhang et al. 2005a).

Orexin and feeding

The hypothalamic distribution of cell bodies containing the precursor
protein suggested that orexins are involved in feeding behavior. Prior to the
discovery of orexin, the only other peptide known to be found in cell bodies
limited to the LH was melanin concentrating hormone (MCH), a peptide known to
be involved the regulation of feeding (Qu et al. 1996). Early experiments showed
that 48 hours of fasting resulted in a 2.4-fold increase in rat preproorexin mRNA
(Sakurai et al. 1998), and that injections of OXA and OXB could elicit ingestion in
rats, although the effects of OXA appeared to be stronger than those of OXB,
perhaps due to its more stable structure (Sakurai et al. 1998). This difference in
the orexigenic effects of OXB in comparison to OXA has been replicated several
times, with most studies suggesting that OXB is less effective than OXA in
eliciting feeding or drinking behavior (Sakurai et al. 1998; Edwards et al. 1999;
Kunii et al. 1999). In some cases OXB has been ineffective in eliciting any
ingestive behavior whatsoever (Lubkin and Stricker-Krongrad 1998; Sweet et al.
1999).

Orexin effects on ingestive behavior appear to depend upon interactions

with other food-related signaling systems, such as neuropeptide-Y (NPY), leptin,



MCH, grehlin, galanin, and agouti-related protein (Broberger et al. 1998; Horvath
et al. 1999a; Rauch et al. 2000; Schwartz et al. 2000; Sakurai 2003; Ehrstrom et
al. 2005; Takenoya et al. 2005). For example, the ingestive behavior stimulated
by orexin is attenuated or blocked by leptin, a potent inhibitor of food intake
(reviewed in Schwartz et al. 2000). In one study, pretreatment with leptin blocked
orexin-induced activity in nearly half of the orexin responsive neurons identified in
the arcuate nucleus (Rauch et al. 2000). In addition, leptin injections in the rat are
capable of blocking both OXA-induced feeding behavior and NPY-induced Fos
immunoreactivity in OXA cells (Niimi et al. 2001). Leptin may block the effects of
orexins directly or indirectly, as some OXB cells have been shown to express
leptin receptors, and NPY cells in the rat and monkey Arc receiving orexin fiber
contacts also expressed leptin receptors (Horvath et al. 1999a). Orexin appears
to have a reciprocal blocking effect on leptin, as OXA administered intravenously
reduces plasma leptin concentrations in humans (Ehrstrom et al. 2005).

There are several lines of evidence that suggest interactions between
orexin and blood glucose levels. Insulin-induced hypoglycemia results in a rapid
rise in nuclear c-Fos expression in OXA cells of the rat (Moriguchi et al. 1999).
Orexin-containing pancreatic islet cells also contain insulin in humans, and some
of these cells express orexin receptors (Ehrstrom et al. 2005). Intravenous orexin
administration raises insulin levels in the blood, presumably by stimulating
pancreatic cells expressing orexin receptors (Ehrstrom et al. 2005). In addition,
there are some indications that defects in the orexin system may affect the

regulation of glucose in humans. For example, in humans with narcolepsy, a



condition associated with low or nonexistent levels of orexins (Nishino et al.
2000; Nishino et al. 2001), there appears to be a higher risk of non-insulin
dependent diabetes (Honda et al. 1986).

Despite the documented relationship between the orexins and feeding and
satiety systems, there is some controversy over the actual effect orexins have on
feeding behavior. The administration of orexins into the central nervous system
has not always reliably increased feeding behavior (reviewed in Sutcliffe and de
Lecea 2000). While it is generally agreed that the orexins do not represent as
potent a stimulator of feeding as NPY, for example, the relative strength or
weakness of the orexins as compared to other peptides such as MCH has not
been clearly established (Lubkin and Stricker-Krongrad 1998; Edwards et al.
1999). Indeed, in studies performed in various laboratories, the orexins elicited
an ingestive response ranging between very robust (Sakurai et al. 1998;
Yamanaka et al. 2000), moderate (Edwards et al. 1999; Sweet et al. 1999), and
weak (Lubkin and Stricker-Krongrad 1998).

The variation in feeding behavior elicited in individual studies may be
explained by several factors. First, orexins have been shown to increase both
GABA and glutamate release in the rat in vitro (van den Pol et al. 1998). These
peptides thus appear to have the ability to affect the fast synaptic excitatory or
inhibitory activity of many parts of the hypothalamus. Therefore, the reported
effects of centrally administered orexins may not be physiologically relevant, as
spillover into other brain regions might activate or inhibit systems not normally

involved in the feeding effects of orexin. The actual discrete local effects of



naturally released peptides are presumably much more finely controlled by the
nervous system than even the most carefully placed injection. Indirect actions or
spillover effects of injected orexins have been proposed as explanations for
differences seen among several studies (Lubkin and Stricker-Krongrad 1998;
Edwards et al. 1999). Secondly, the relative degree of feeding behavior observed
after introduction of orexin may be related to stress, as at least some orexin-
induced ingestive responses rely upon interactions between orexin, NPY, and
corticosterone levels (Horvath et al. 1999a; Ida et al. 2000a; Jaszberényi et al.
2000; Yamanaka et al. 2000). Finally, orexin-induced feeding might be time-
dependent. Circadian responsiveness of the feeding effect of OXA in the rat has
been observed in at least one study, with an increase in food intake following
OXA injection only occurring during the light phase of the daily light-dark cycle
(Kotz et al. 2002).

Although the exact role of the orexins in feeding has yet to be established,
it is possible that the orexins are involved in the coordination of locomotor activity
and arousal in response to stress and variation in food availability. During short-
term food deprivation, orexin receptor mRNA is up-regulated (Lu et al. 2000).
Orexins promote wakefulness, occasionally leading to increased searching and
exploratory behavior (Ida et al. 1999; Jones et al. 2001). A decrease in food
availability may thus increase arousal at times when the animal is normally
quiescent, leading to increased locomotion and searching behaviors. By
modifying the timing of arousal, the orexin system might increase the probability

of the animal encountering a food source that is not available at other times of



the day. The orexin system is clearly uniquely situated for involvement in the
coordination of an interrelated suite of behaviors related to food intake and

arousal.

Orexin and arousal

The overall distribution of orexin fibers in the brain has suggested that the
orexins play a role in a number of behaviors, including the maintenance of
arousal (Hagan et al. 1999; Horvath et al. 1999b). Orexin fibers have been
shown to project to various brain nuclei implicated in the control of sleep state
(Peyron et al. 1998; Date et al. 1999; Nambu et al. 1999; Mintz et al. 2001;
Moore et al. 2001). Application of OXA in the locus coeruleus (Hagan et al. 1999;
Bourgin et al. 2000) and lateral preoptic area (Methippara et al. 2000) of the rat
have been shown to increase wakefulness, primarily through a decrease in rapid
eye movement (REM) sleep (Bourgin et al. 2000). Activity in locus coeruleus
neurons increases following application of OXA (Hagan et al. 1999; Horvath et al.
1999b; Bourgin et al. 2000). In contrast to OXA, OXB does not seem to affect
wakefulness (Bourgin et al. 2000).

The orexin cells also receive input from brain circuits involved in regulation
of sleep-wakefulness. In mammals, circadian organization of activity including
sleep-wake behavior is regulated by an endogenous clock located in the
suprachiasmatic nucleus (SCN) (reviewed in Weaver 1998). Orexin cell bodies in
the lateral hypothalamus receive both limited direct contact from the SCN
(Abrahamson et al. 2001), as well as substantial indirect contact from the SCN

via the medial preoptic area (Deurveilher and Semba 2005). Introduction of



chemicals known to increase arousal in rats, such as methamphetamines or the
anti-narcoleptic drug Modafanil, increase nuclear Fos expression in orexin cell
bodies (Weaver 1998; Chemelli et al. 1999; Estabrooke et al. 2001).
Furthermore, increasing the behavioral arousal of rats by sleep deprivation
induced by handling also increases the expression of nuclear Fos in OXA cells
(Estabrooke et al. 2001). Orexin cells thus appear to be capable of both receiving
information relating to the arousal state of the animal, and relaying arousal
information to other nuclei known to promote wakefulness. The recent finding
that a defect in the orexin system is associated with the sleep disorder
narcolepsy (Chemelli et al. 1999; Lin et al. 1999; Hara et al. 2001; Hungs et al.

2001) has strengthened the association between the orexins and arousal.

Other actions of orexin

In addition to the feeding and arousal-related actions of the orexins, there
is evidence for the involvement of orexins in the modulation of general activity.
For example, in rats, injections of OXA and, to a lesser extent OXB have been
shown to increase locomotor activity (Ida et al. 2000b; Nakamura et al. 2000;
Jones et al. 2001; Yoshimichi et al. 2001; Kotz et al. 2002) and burrowing
behavior (Ida et al. 1999). Orexin B does not appear to have as strong an effect
on general locomotor activity in lab rats as does OXA, but has been shown to be
more effective than OXA in eliciting searching behavior (Ida et al. 1999; Jones et
al. 2001) or exploration of novel environments (Jones et al. 2001). The increase
in locomotor activity observed in rats after application of OXA does not appear to

be related to the concurrent increase in feeding often observed following orexin



injections (Kotz et al. 2002). Face washing and grooming behavior also increase
in frequency following injections of OXA but not OXB (Ida et al. 1999; Ida et al.
2000b; Nakamura et al. 2000; Duxon et al. 2001; Jones et al. 2001). The
increase in grooming following injection of OXA in the rat is blocked by prior
application of a CRF antagonist, suggesting that the behavior may be linked to
stress (Ida et al. 2000b). Both the grooming and locomotor effects of orexins may
also involve interactions with dopaminergic (Nakamura et al. 2000) and
serotonergic (Nakamura et al. 2000; Duxon et al. 2001) systems.

Orexin may also be involved in the regulation of autonomic functions.
There are extensive projections from orexin neurons to hindbrain nuclei that
regulate cardiovascular and sympathetic processes (Date et al. 1999; Zheng et
al. 2005). Several studies have shown that application of OXA increases heart
rate, blood pressure, and respiration rate in rats and mice (Shirasaka et al. 2002;
Ciriello et al. 2003a; de Oliveira and Ciriello 2003; Zhang et al. 2005b; Zheng et
al. 2005). Body temperature, which generally rises during active periods and
decreases when animals are quiescent, increases following injection of OXA
(Yoshimichi et al. 2001), but not after injection of OXB (Jones et al. 2001). The
increase in body temperature folldwing application of OXA does not appear to be
a result of increased locomotor activity (Yoshimichi et al. 2001).

Finally, orexins have been implicated in modulation of the hypothalamic-
pituitary-gonadal (HPG) axis at several levels. First, within the hypothalamus,
orexin has been shown to stimulate the release of gonadotropin releasing

hormone (GnRH) (Russell et al. 2001). Cells containing GnRH receive direct
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contact from orexin fibers in rats and sheep (Igbal et al. 2001; Campbell et al.
2003), and in rats GnRH neurons have also been shown to express orexin
receptors (Campbell et al. 2003). In addition, orexin projections to the
hypothalamic magnocellular nuclei that in turn project to the pituitary also appear
to be important in HPG regulation. Magnocellular neurons in the Pa express
orexin receptors, and these receptors are selectively upregulated during the
estrous cycle and early lactation in rats (Wang et al. 2003).

At the level of the pituitary, more evidence for orexin involvement in HPG
regulation has been found. Specifically, both rat and human pituitary express
orexin receptors (Blanco et al. 2001; Johren et al. 2001), and OXA acting on
these receptors appears to directly block GnRH-mediated release of luteinizing
hormone in proestrous female rats (Russell et al. 2001). With respect to the
gonads, testicular tissue in rats expresses orexin, and testicular tissue in both
rats and sheep expresses orexin receptor mRNA (Johren et al. 2001; Zhang et
al. 2005a). Although orexin mRNA appears to be absent in rat ovary, orexin
receptors are present (Johren et al. 2001). Although the specific actions of orexin
on gonadal tissue are currently unknown, the presence of orexin and orexin
receptors in the gonads suggests the possibility that orexins may affect the HPG

axis at this level as well as at the hypothalamic and pituitary levels.

Introduction to the grass rat

The unstriped Nile grass rat (Arvicanthis niloticus, hereafter referred to as
the grass rat) is a diurnal murid rodent indigenous to large portions of sub-

Saharan Africa. Our laboratory maintains a breeding colony of grass rats, derived
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from wild animals captured in 1993 in the Masai Mara National Reserve in Kenya
(Katona and Smale 1997). Although there has been some confusion over the
taxonomic grouping of the genus Arvicanthis (reviewed in McElhinny 1996), a
recent karyological analysis performed at the Museum National d’'Histoire
Naturelle (Paris) confirms that the grass rats in our colony are Arvicanthis
niloticus Desmarest 1822 (Challet et al. 2002). The grass rat exhibits strong
diurnal rhythms of daily activity in the wild (Blanchong and Smale 2000). In the
laboratory, the grass rat is diurnal with respect to body temperature, general
activity, and reproductive behavior (McElhinny et al. 1997). The grass rat is a
murid rodent, and as such is closely related to the standard laboratory rat (Rattus
norvegicus). The grass rat has proven to be a useful diurnal animal model for
studies of sleep (Novak et al. 1999, 2000b), reproduction (McEIlhinny et al. 1997;
Mahoney et al. 2004; Mahoney and Smale 2005b, 2005a), and the circadian
regulation of activity (Katona et al. 1998; Nufiez et al. 1999; Mahoney et al. 2000;
Novak et al. 2000a; Smale et al. 2001a; Schwartz et al. 2004).

Although the grass rat appears to be a strictly diurnal animal, there is
some degree of plasticity in their behavior. Specifically, when given continuous
access to a running wheel, some individual grass rats exhibit what appears to be
an unusual form of masking, switching from a day-active to a night-active pattern
of activity (Blanchong et al. 1999). Iin our colony, this shift from day- to night-
active patterns occurs in approximately 30% of animals given free access to a
wheel (Mahoney et al. 2001). Unlike circadian phase-shifting, which involves a

gradual transition to a new activity pattern due to re-entrainment of the circadian
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clock, this switch to a night-active pattern appears to happen quickly, and is not
associated with the transients typical of a phase shift (Nixon and Smale 2004;
Redlin and Mrosovsky 2004), and appears to reflect a masking effect of the
wheel rather than a shift in the internal clock (Nixon and Smale 2004). Day-active
grass rats in a 12:12 light-dark (LD) cycle begin to run in the wheel about one
hour prior to lights-on, exhibit moderate to high levels of wheel running
throughout the day, and cease running in the wheel within 1 to 2 hours after
lights-out (Katona and Smale 1997) (Figure 1.1). The night-active grass rats are
like the day-active ones in that they show a rise in activity just prior to lights-on.
However, in the night-active grass rats, this bout ends when the lights come on,
and there is virtually no activity during the 12 hours of light. They begin to run in
the wheel just before lights-out, and this activity continues for five or more hours

into the dark period (Blanchong et al. 1999).

Overview of chapters

| present here a series of investigations intended to (1) evaluate species
differences and similarities in the distribution of orexin cell bodies and fibers; and
(2) shed light on the functional relationship between orexin cells and activity in
the grass rat. Two of the four chapters that are a part of this dissertation (Chapter
3 and Chapter 4) have been published with a co-author; for the sake of
consistency | have therefore elected to use the term “we” in all chapters that
present data. | address the first issue in Chapter 2, where | examine the
distribution of OXA and OXB-containing cell bodies and fibers in the brains of two

nocturnal and two diurnal species. This study has two primary goals: first, to
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Figure 1.1. Actogram, double-plotted, depicting wheel running patterns typical of
day-active (top) and night-active (bottom) grass rats maintained in a 12:12 light-
dark cycle. Each horizontal line in the actogram represents 48 hours; vertical
marks indicate wheel running activity. Lighting conditions are indicated by the bar
at the bottom. Note that both day- and night-active animals exhibit a bout of
activity just prior to lights-on.
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Figure 1.1. Actogram, double-plotted, depicting wheel running patterns typical of
day-active (top) and night-active (bottom) grass rats. Each horizontal line in the
actogram represents 48 hours; vertical marks indicate wheel running activity.
Lighting conditions are indicated by the bar at the bottom. Note that both day-
and night-active animals exhibit a bout of activity just prior to lights-on.
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identify potential species differences in the overall distribution of orexin in these
animals, and second, to determine whether differences in orexin distribution
might be related to behavioral or anatomical differences in the species examined.

In the remaining chapters, | address the second theme of this dissertation,
related to the relationship between orexin and activity patterns in the grass rat.
We have previously shown that a difference in Fos activation in NPY cells of the
intergeniculate leaflet (IGL) is associated with the differences in wheel running
patterns expressed by the individual grass rats (Smale et al. 2001b). The
existence of a projection from orexin cells to the IGL led us to hypothesize that
orexin plays a role in the modulation of these NPY cells by activity. In Chapter 3,
| examine orexin neurons in wheel running grass rats to determine whether
patterns of Fos activation in these cells are consistent with a role for orexin in the
activation of NPY neurons in the IGL. | then determine whether orexin cells are in
a position to modulate NPY cells within the IGL through direct projections to
them. In Chapter 4, | continue my investigation of orexin-NPY interactions by
determining whether NPY cells that receive input from orexin cells express Fos,
and whether this varies as a function of the activity sate of the animal. Finally, in
Chapter 5, | use a retrograde tract-tracer to determine the distribution of orexin

cells that project to the grass rat IGL.
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CHAPTER 2
A comparative analysis of the distribution of orexin in the brains

of nocturnal and diurnal rodents

Introduction

The orexins (hypocretins) are a recently described family of peptides
originating in cells of the lateral hypothalamus (Sakurai et al. 1998; de Lecea and
Sutcliffe 1999). Orexins are thought to be primarily involved in the regulation of
arousal and sleep-wake behavior, general activity, body temperature, drinking,
and feeding (Lubkin and Stricker-Krongrad 1998; Edwards et al. 1999; Hagan et
al. 1999; Kunii et al. 1999; Mondal et al. 1999b; Piper et al. 2000; Estabrooke et
al. 2001; Hungs et al. 2001; Yoshimichi et al. 2001; Kotz et al. 2002; Diano et al.
2003; Yamanaka et al. 2003; Kiwaki et al. 2004, Berthoud et al. 2005; Kodama et
al. 2005; Thorpe and Kotz 2005). Anatomical studies of orexin fiber distribution in
the rat brain show that the densest projections extend to the locus coeruleus,
raphé nuclei, periaqueductal central gray, paraventricular hypothalamic nucleus,
arcuate nucleus, and the lining of the third ventricle (Peyron et al. 1998; Chen et
al. 1999; Cutler et al. 1999; Date et al. 1999; Mondal et al. 1999a; Nambu et al.
1999). Orexin cell bodies in the rat are primarily limited to the perifornical nucleus
and lateral hypothalamic area, with more sparse distributions in the dorsal
hypothalamic area, posterior hypothalamic area and the dorsomedial
hypothalamic nuclei (Peyron et al. 1998; Chen et al. 1999; Cutler et al. 1999;
Nambu et al. 1999). Published descriptions of orexin cell and fiber distributions

are similar to those in the rat for the Syrian and Djungarian hamster
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(McGranaghan and Piggins 2001; Mintz et al. 2001; Khorooshi and Klingenspor
2005) as well as for humans (Moore et al. 1998; Arihara et al. 2000; Moore et al.
2001).

The orexins consist of two peptides, orexin A (OXA, hypocretin-1) and
orexin B (OXB, hypocretin-2), derived from the same precursor protein,
preproorexin (de Lecea et al. 1998; Sakurai et al. 1998). The orexins bind to two
G-coupled protein receptors, orexin receptors 1 (OX4R, HCRTR-1) and 2 (OXzR,
HCRTR-2) (Sakurai et al. 1998). Although OXA and OXB appear to be equally
effective in activation of OX1R, OXA is 30- to 100-fold more effective than OXB in
activating OX4R (Sakurai et al. 1998; Smart et al. 1999). The two orexin
receptors exhibit distinctly different distribution patterns in the rat brain (reviewed
in Kilduff and de Lecea 2001). For example, while the raphé nuclei, thalamus,
and layer 6 of the cortex express OXiR and OXzR equally, only OX4R is present
in cortical layer 5, hippocampal field CA1, and locus coeruleus (LC), whereas
cortical layer 2, hippocampal field CA3, septal nuclei, and tuberomammillary
nuclei express only OXzR (Lu et al. 2000; Hervieu et al. 2001; Marcus et al.
2001). The differential distribution and potential selectivity of the two orexin
receptors raises the possibility that there may be some differences in the
functional roles played by OXA and OXB within the central nervous system.

Several other lines of evidence have also suggested that that OXA and
OXB may be differentially involved in particular functional systems. First,
repeated studies have shown that OXA is more effective than OXB in promoting

ingestive behavior (Sakurai et al. 1998; Edwards et al. 1999; Kunii et al. 1999).
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This conclusion is supported by data from orexin receptor studies. Orexin-
induced ingestive behavior is attenuated by OXiR antagonists (Rodgers et al.
2000; Thorpe and Kotz 2005), and food deprivation selectively up-regulates
OX1R mRNA in the amygdala without affecting OX;R mRNA in this structure (Lu
et al. 2000). Second, although OXB is generally ineffective in eliciting feeding or
drinking behavior, there is evidence that OXB may be important in the promotion
of arousal. Several studies have shown that the effects of orexins on arousal in
thalamic midline and raphé nuclei depend primarily upon OXzR (Bayer et al.
2002; Brown et al. 2002), and disruption of OX2R has been linked to the sleep
disorder narcolepsy in dogs (Lin et al. 1999). In at least one study, OXB has
been shown to be more effective than OXA in activation of wakefulness-
promoting thalamic nuclei in the rat (Bayer et al. 2002), although this is not likely
to be the case for all structures involved in the regulation of sleep and
wakefulness, (Marcus et al. 2001). While both orexins are clearly involved in a
multitude of homeostatic and regulatory processes, most published reports on
their functions have not fully addressed potential differences between OXA and
OXB.

Most published data on the distribution of orexin cells has focused on
OXA, and relatively little is known about OXB. The distribution of OXB is
generally described as being identical to that of OXA but is often presented
incompletely (Cutler et al. 1999; Date et al. 1999; Nambu et al. 1999) or not at all
(Peyron et al. 1998; Chen et al. 1999). Because the two orexins are produced by

the same precursor protein, there may have been a tendency in the early
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literature on the orexins to assume that the peptides are produced equally in
each orexin cell, and at least one study has provided some support for this
assumption (Zhang et al. 2002). However, there is evidence that the up-
regulation of one orexin peptide over the other is very possible, and may serve
some physiologically relevant function (Mondal et al. 1999a; Cai et al. 2001).

A second issue that has received little attention involves the tendency to
assume that distributions of orexin-containing cells and fibers seen in one strain
or species of research animal are representative of all strains and species.
Although partial descriptions of orexin distribution in within the central nervous
system have been published for many species, including mice (Broberger et al.
1998; van den Pol 1999; Tritos et al. 2001), cats (Zhang et al. 2002, 2004), and
humans (Moore et al. 1998), the majority of studies examining orexin distribution
in detail throughout the brain have been in rats (Rattus norvegicus). In addition,
most descriptions of the orexins in the rat were performed using the highly inbred
Wistar strain (Peyron et al. 1998; Cutler et al. 1999; Nambu et al. 1999). The
occasional difference found in orexin distribution between rat strains tends to be
largely ignored or overlooked, even for differences as fundamental as the
distribution of orexin-immunoreactive (IR) cell bodies. For example, OXA-IR cells
have been described in the median eminence (Chen et al. 1999) in the Sprague-
Dawley (SD) rat, a less inbred strain, but not in the Wistar rat. Although previous
studies of the Wistar rat showed orexin-IR cell bodies only in the lateral
hypothalamus, at least one study has shown OXB-IR, but not OXA-IR cells in the

amygdala of both Wistar and SD rats (Ciriello et al. 2003c). These studies
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highlight both the importance of examining orexin distribution in more than one
specific animal type, and the previously mentioned importance of examining both
forms of orexin.

While the orexins have been studied in some depth in nocturnal laboratory
rodents, little attention has been paid to them in diurnal animal models. Detailed
descriptions of orexin cell or fiber distributions in diurnal animals are limited, and
currently there are no descriptions of the distribution of both peptides in any
diurnal species that are as complete as those available for the Wistar rat. Studies
in humans (Moore et al. 1998) and sheep (Archer et al. 2002) describe OXA in
limited portions of the brain, and the distribution of OXA-IR cell bodies has also
been described in the Korean chipmunk (Tamias sibiricus barberi) (Kodama et al.
2005) and the African green (vervet) monkey (Cercopithecus aethiops) (Diano et
al. 2003). The most complete study to date in a diurnal animal describes OXB,
but not OXA in the Nile grass rat (Arvicanthis niloticus) (Novak and Albers 2002).
Given the reported relationship between the orexins and regulation of sleep and
arousal (reviewed in Hungs and Mignot 2001), it is especially important to
investigate potential differences in orexin distribution in animals with completely
different sleep patterns, such as those seen in nocturnal and diurnal animals.
This is especially important because the loss of orexin or the dysfunction of its
receptors have been linked to several disorders in humans (Nishino et al. 2000;
Thannickal et al. 2000; Nevsimalova et al. 2005; Petersén et al. 2005), a diurnal

species.
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One potential diurnal animal model with which to investigate this issue is
the Nile grass rat, a rodent native to sub-Saharan Africa. The grass rat exhibits
strong diurnal patterns of activity both in the laboratory and in the field
(McElhinny et al. 1997; Blanchong and Smale 2000). The grass rat is a murid
rodent, and as such is closely related to the standard laboratory rat (hereafter
referred to as the lab rat). The grass rat is an excellent model for investigation of
various physiological differences between nocturnal and diurnal animals,
including those associated with sleep (Novak et al. 1999, 2000b), reproduction
(McElhinny et al. 1997; Mahoney et al. 2004; Mahoney and Smale 2005b,
2005a), and the circadian regulation of activity (Katona et al. 1998; Nufiez et al.
1999; Mahoney et al. 2000; Novak et al. 2000a; Smale et al. 2001a; Schwartz et
al. 2004). We have recently demonstrated that the grass rat exhibits a diurnal
rhythm in Fos-immunoreactivity in OXB cells (Martinez et al. 2002).

A second diurnal animal model being used in laboratory study of circadian
biology is the degu (Octodon degus), a highly social South American
hystricomorph rodent (Nowak 1999). The degu is relatively long-lived and
matures slowly, unlike the precocial rats and mice commonly used in laboratory
research (Reviewed in Lee 2004). Like hamsters, rhythms in degus are strongly
influenced by social and olfactory cues (Governale and Lee 2001; Jechura and
Lee 2004), and there is some evidence for seasonal (photoperiodic) changes in
reproductive structures (Reviewed in Lee 2004). The degu is a suitable model for

research on sleep and the circadian regulation of behavior (Krajnak et al. 1997;
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Goel et al. 1999; Jiao et al. 1999; Kas and Edgar 1999; Jechura et al. 2000;
Mohawk et al. 2005; Mohawk and Lee 2005).

In this study we characterized the distribution of OXA and OXB cell bodies
and fibers and systematically compared them in two diurnal species (the grass
rat and the degu) and two nocturnal species, the lab rat and golden hamster
(Mesocricetus auratus). As previous studies have already described orexin
distributions in the highly inbred Wistar rat, we chose to use a less inbred strain,

the Long-Evans (LE) rat, in the current study.

Methods and materials

Animal handling

Adult male grass rats (n = 4) and degus (n = 4) were obtained from
captive breeding colonies at Michigan State University and the University of
Michigan, respectively. Long Evans rats (n = 3) and hamsters (n = 4) were
obtained from a commercial breeder (Charles River Laboratories, Raleigh, North
Carolina). All animals were housed under standard light-dark (LD) cycles (LE rat,
grass rat, and degu, 12:12 LD; hamster, 14:10 LD) with food and water provided
ad libitum prior to perfusion. All animal handling procedures in this study followed
National Institutes for Health guidelines and were approved by the Michigan

State University All-University Committee for Animal Use and Care.

Tissue collection and processing

At the time of sacrifice, all animals were anesthetized with sodium

pentobarbital (Nembutal; Abbot Laboratories, North Chicago, IN) and perfused

23



transcardially with 0.01 M phosphate-buffered saline (PBS; pH 7.4, 150-300
ml/animal), followed by 150 to 300 ml of fixative (4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4). Brains were post-fixed for 4 to 8 hours in 4%
paraformaldehyde before being transferred to 20% sucrose in 0.1 M phosphate
buffer. After 24 h in sucrose, brains were sectioned in three series at either 30
pm (grass rat and hamster) or 40 ym (LE rat and degu) using a freezing
microtome. Coronal sections from the olfactory bulb through the brain stem of
four grass rats, three LE rats, four hamsters and three degus were used to
determine orexin A and B fiber distribution. A third series of sections from one
grass rat and one degu was stained with Cresyl violet, mounted on gelatin-
coated slides and coverslipped to aid in delineation and identification of different
structures. Additional sections through the preoptic area and lateral
hypothalamus from two LE rats, three grass rats and one hamster were used in
OXA blocking experiments.

Tissue was processed for OXA or OXB immunoreactivity in the following
manner. Unless otherwise specified, all steps were carried out at room
temperature. Free-floating tissue was incubated in 5% normal donkey serum
(NDS; Jackson Laboratories), in PBS with 0.3% Triton-X 100 (Research Products
International, Mount Prospect, IL; PBS-TX) for 1 h. Tissue was then incubated in
primary antibody for 42 h at 4°C (goat anti-orexin A 1:10,000, or goat anti-orexin
B 1:10,000, Santa Cruz Biotechnology; in PBS-TX and 3% NDS), and then in
biotinylated secondary antibody for 1 h (donkey anti-goat 1:500, Santa Cruz; in

PBS-TX and 3% NDS), followed by 1 h in avidin-biotin complex (0.9% each
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avidin and biotin solutions, Vector Laboratories, Burlingame, CA; in PBS-TX).
Tissue was rinsed and reacted in diaminobenzidine (DAB, 0.5 mg/ml, Sigma) in a
tris-hydrochloride buffer (Trizma, Sigma; pH 7.2) with hydrogen peroxide (0.35 ul
30% hydrogen peroxide/ml buffer). Control sections were incubated in the PBS-
TX/NDS solution, with the primary antibody omitted. Tissue used in blocking
experiments was processed as described above, but prior to adding tissue to the
primary antibody solution, the primary antibody was preabsorbed with one or
both orexin blocking peptides for 48 h at 4°C (1:50 OXA, 1:50 OXB, or 1:50 each
OXA and OXB blocking peptide, Santa Cruz; in PBS with 0.3% Triton-X 100 and
3% NDS). All tissue was mounted on gelatin-coated slides, dehydrated, and

coverslipped.

Cell and fiber counts and analysis

For analysis of orexin A or B fiber distribution, all sections were examined
under a light microscope (Leitz, Laborlux S, Wetzlar, Germany), and the
presence or absence of labeled fibers, as well as their density, was recorded for
brain regions from the olfactory bulbs through the brainstem. The distribution of
all OXA or OXB-IR cell bodies was also mapped for each species. High-
resolution digital photographs of representative sections were taken using a
digital camera (Carl Zeiss, AxioCam MRc; Géttingen, Germany) attached to a
Zeiss light microscope (Axioskop 2 Plus). Image contrast and color balance were
optimized using Zeiss AxioVision software (Carl Zeiss Vision). Final figures were
prepared using Adobe lilustrator and Adobe Photoshop (Adobe Systems, San
Jose, CA).
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To systematically record the distribution and relative density of OXA and
OXB fibers within each species, fiber densities were divided into the following five
categories: very dense (++++), dense (+++), moderately dense (++), low density
(+), and absent (-). Terminology and abbreviations for neural structures in this
study follow Paxinos and Watson (1998), except for divisions of the hamster bed
nucleus of the stria terminalis (BNST) which follows Morin and Wood (2001).
Comparisons of BNST divisions between species follow the comparison of
terminologies between rat and hamster outlined in Alheid et al. (1995).
Stereotaxic atlases for the rat (Paxinos and Watson 1998) and Syrian hamster
(Morin and Wood 2001) were used to aid in identification of specific structures in
these species. In the degu and grass rat, Nissl-stained tissue was used in
concert with the rat atlas (Paxinos and Watson 1998) for identification of nuclei.
Functional and anatomical grouping of brain structures for analysis followed
Paxinos (1995), as modified by John |. Johnson (personal communication).
Because of the resulting size and complexity of the orexin fiber data set, fiber
densities in the regions examined in this study were subjected to a principal
components factor analysis (PCA; Statistica, StatSoft, Tulsa, OK) to identify

patterns in the data.

Results

Orexin cell bodies

General
In all animals examined, OXA- and OXB-IR cell bodies were present in the

lateral hypothalamus (Figure 2.1). Although the distribution of orexin neurons
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Figure 2.1. Photomicrographs of orexin A and orexin B cell bodies in the Long-
Evans rat, grass rat, Syrian hamster, and degu. Scale bar = 100 ym.
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differed among species, the majority of the orexin cells in all species were
observed in the perifornical region (PeF) and lateral hypothalamic area (LHA). In
the LE rat, grass rat and hamster, cell bodies immunoreactive for OXA were also
found in the paraventricular hypothalamic nucleus (Pa), supraoptic nucleus (SO),
and the supraoptic retrochiasmatic nucleus (SOR) (Figure 2.2, Figure 2.3).
Orexin A-IR neurons in the Pa and SO were generally smaller and less intensely
stained for OXA than were cells in the PeF. For all three species exhibiting
orexin-IR neurons in the Pa and SO, the OXA-IR nuclei did not appear to
represent nonspecific binding of the primary antibody, as preabsorption of the
primary antibody with OXA blocking peptide supplied by the manufacturer
reduced or eliminated OXA immunoreactivity in these nuclei (Figure 2.4). No
OXB-IR neurons were observed in Pa, SO, or SOR of any species. Orexin A and
OXB cell body distribution in the LE rat, grass rat, degu and hamster are
summarized in Table 2.1 and are depicted in Figures 2.5, 2.6, 2.7, and 2.8,

respectively.

Orexin cell bodies in the LE Rat

In the LE rat, OXA- and OXB-IR cells were observed at high density in the
PeF, LHA, and dorsomedial hypothalamic nucleus (DMH) (Figure 2.5). Moderate
densities of labeled cells were present in the posterior hypothalamic area (PH)
and tuberum cinerum (TC). Sparsely scattered cells were also observed in the
dorsal hypothalamic area (DH), retrochiasmatic area (RCh), and the subincertal

thalamic nucleus (Subl). Orexin A-IR cell bodies in SO and magnocellular Pa
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Paraventricular Nucleus

Figure 2.2. Photomicrographs of orexin A cell bodies in the paraventricular
nucleus (Pa) of the Long-Evans rat (A), grass rat (B), and Syrian hamster (C).
Note lack of similar cell bodies in the degu (D). 3V: third ventricle. Scale bar =
200 pm.
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Supraoptic Nucleus

Figure 2.3. Photomicrographs of orexin A cell bodies in the supraoptic nucleus
(SO) of the Long-Evans rat (A), grass rat (B), and Syrian hamster (C). Note lack
of similar cell bodies in the degu (D). OC: optic chiasm. Scale bar = 200 pm.
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Paraventricular Supraoptic

Pa - 3V ocC
SO

Grass rat LE rat

Hamster

Figure 2.4. Photomicrographs of paraventricular nucleus (Pa; column 1) and
supraoptic nucleus (SO; column 2) of the Long-Evans rat, grass rat, and Syrian
hamster after preabsorption with orexin A blocking peptide. Note that
preabsorption with blocking peptide eliminates cell bodies seen in Figures 2.2
and 2.3. 3V.: third ventricle; OC: optic chiasm. Scale bar = 200 pm.
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Figure 2.5. Line drawing of every 6th section through the region of the Long-
Evans rat hypothalamus that contains orexin cells. Sections are ordered from
rostral (A) to caudal (N). Filled circles indicate locations where both orexin A and
orexin B neurons are found, while open circles indicate orexin A neurons only.
3V: third ventricle; SCN: suprachiasmatic nucleus; OC: optic chiasm; f: fornix; mt:
mammillothalamic tract. Scale bar = 500 ym.
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Long-Evans rat
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Long-Evans rat (continued)

Figure 2.5 (continued)
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Long-Evans rat (continued)
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Figure 2.5 (continued)
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Figure 2.6. Line drawing of every 6th section through the region of the grass rat
hypothalamus that contains orexin cells. Sections are ordered from rostral (A) to
caudal (L). Filled circles indicate locations where both orexin A and orexin B
neurons are found, while open circles indicate orexin A neurons only. 3V: third
ventricle;, SCN: suprachiasmatic nucleus; OC: optic chiasm; f. fornix; mt:
mammillothalamic tract. Scale bar = 500 ym.
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Grass rat
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Grass rat (continued)

Figure 2.6 (continued)
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Figure 2.7. Line drawing of every 6th section through the region of the Syrian
hamster hypothalamus that contains orexin cells. Sections are ordered from
rostral (A) to caudal (J). Filled circles indicate locations where both orexin A and
orexin B neurons are found, while open circles indicate orexin A neurons only.
3V: third ventricle; SCN: suprachiasmatic nucleus; OC: optic chiasm; f: fornix; mt:
mammillothalamic tract. Scale bar = 500 ym.
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Syrian hamster
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Syrian hamster (continued)

, C

Figure 2.7 (continued)
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Figure 2.8. Line drawing of every 6th section through the region of the degu
hypothalamus that contains orexin cells. Sections are ordered from rostral (A) to
caudal (N). Filled circles indicate locations where both orexin A and orexin B
neurons are found. 3V: third ventricle, OC: optic chiasm; f. fornix; mt:
mammillothalamic tract; aq: cerebral aqueduct. Scale bar = 500 ym.
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Degu (continued)

Figure 2.8 (continued)
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were very dense (Figure 2.2), while cell bodies in SOR were only moderately

dense (Figure 2.3). No OXB-IR neurons were seen in the Pa or SO.

Orexin cell bodies in the grass rat

The distribution of OXA- and OXB-IR neurons in the grass rat was similar
to the pattern seen in the LE rat. Cell bodies expressing OXA and OXB were
observed at very high density in PeF, TC, LHA, and PH (Figure 2.6). Unlike the
LE rat, OXA- and OXB-IR neurons in the PeF were often observed inside the
grass rat fornix. Moderate densities of OXA- and OXB-IR cell bodies were visible
in DMH and Subl, with sparsely scattered cells also present in RCh and DA. As
in the LE rat, cell bodies expressing strong OXA immunoreactivity were present
in PA, SO, and SOR (Figure 2.2, Figure 2.3). No OXB-IR neurons were present
in these nuclei. Orexin A-IR cell bodies were very densely distributed in the
magnocellular Pa and SO. Moderately dense OXA-IR cell bodies were present in

SOR.

Orexin cell bodies in the hamster

Unlike the LE rat and grass rat, OXA- and OXB-IR neurons in the hamster
were conspicuously absent in PeF; the majority of orexin cells were observed in
LHA and DMH, dorsal or dorsomedial to PeF, with sparsely scattered cells also
present in TC and Subl (Figure 2.7). Although OXA-IR neurons were present in
the hamster magnocellular PA, SO, and SOR (Figure 2.2, Figure 2.3), the overall

density of OXA-IR cell bodies in these structures was far lower than that in the
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LE rat or grass rat. As in the LE rat and grass rat, no OXB-IR neurons were

present in these nuclei.

Orexin cell bodies in the degu
The distribution of OXA- and OXB-IR cell bodies was very different in the

degu than in the LE rat, grass rat and hamster. The regions of highest density of
OXA and OXB cells formed two distinct clusters, in the DMH and in the LHA
ventrolateral to the fornix (Figure 2.8). Orexin A and OXB neurons were less
densely distributed in the PeF, DA, and PH. In the PeF, orexin-IR neurons were
clustered tightly against the boundaries of the fornix, but did not intrude into this
structure as observed in the grass rat. Cells labeled for OXA and OXB were
sparsely distributed throughout the RCh and Subl. Unlike the hamster, grass rat
and LE rat, no orexin-IR neurons were visible in the Pa, SO, or SOR. Orexin A-
and B-IR cells in the degu were also different from those seen in the other three
species in that orexin neurons were scattered through the TC caudal to the
ventromedial hypo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>