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hypothesis that key functional determinants of a species chronotype reside

downstream from the master clock of the SCN.

The data presented here also show that a voluntary change in the

temporal distribution of activity in grass rats, namely a shift to a nocturnal bias

triggered by access to a running wheel, results in changes in the brain that are

clearly different from those produced by forced wakefulness during the natural

rest phase of the species. These observations have important implications for the

evaluation of studies with animal models that use forced wakefulness to emulate

the conditions faced by human shift workers. Also important for the evaluation of

previous research were results showing that the consequences of forced

wakefulness, documented here in a diurnal species were saliently different from

those reported in studies using nocturnal species. These differences included the

particular wake-promoting regions that were affected as well as the effects of

forced wakefulness on the master clock of the SCN.

In summary, the work presented here sheds new light on how

wakefulness during the natural rest period of a diurnal species can influence

brain function. It also highlights the need to diversify the current set of animal

models used in chronobiological research, and in particular it urges the field to

increase the representation of diurnal species in the study of circadian rhythms

and how they are influenced by environmental demands.



This dissertation is dedicated to my parents for their love, support and

encouragement; and to my advisor, Dr. Tony Nunez, for his invaluable guidance

and friendship throughout the years.
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CHAPTER 1

Introduction

General introduction

The suprachiasmatic nucleus (SCN) of the hypothalamus orchestrates

circadian rhythms in behavior, and in addition controls the physiological

processes that support those rhythms (Moore and Eichler, 1972; Stephan and

Zucker, 1972), all of which are entrained to the light dark cycle via direct retinal

inputs to the SCN (reviewed in Rosenwasser, 2009). Under this circadian control,

most mammalian species have evolved to make use of a particular phase of the

solar day to be active. Humans, for instance, are active during the day and rest

during the night. Although we are clearly a diurnal species, most of the research

done in the field of chronobiology, has used nocturnal species as experimental

subjects. In part, this has been due to the lack of suitable models of diurnality,

and as a result of that practice, very little has been explored in diurnal species.

The relatively few studies that have investigated the functioning of the SCN in

diurnal species, have revealed that some aspects of the clock, such as clock-

gene expression (Caldelas et al., 2003; Lambert et al., 2005) and metabolic

activity (Schwartz et al., 1983), are similar to those seen in nocturnal species.

But, others, have also revealed aspects that are different (Novak and Albers,

2004; Cuesta et al., 2007). This evidence indicates that the data gathered from

nocturnal species might not necessarily apply to diurnal species, a group that

includes human beings. Thus, it becomes imperative to investigate circadian

rhythmicity using diurnal animal models.



The unstriped Nile grass rat, Arvicanthis niloticus, shows robust diurnal

rhythms in both the lab and the field (Blanchong et al., 1999), and thus

represents an ideal animal model for the exploration of mechanisms underlying

circadian rhythmicity in diurnal species (Katona and Smale, 1997). In addition,

when a running wheel becomes available, a subset of these animals shift to be

predominantly active during the night (night-active, NA), whereas others remain

active during the day (day-active, DA; Katona and Smale, 1997). Areas of the

brain that regularly promote wakefulness and arousal during the active phase are

likely to contribute to these behavioral shifts. Data obtained from the orexinergic

arousal system of DA and NA grass rats support this hypothesis (Nixon and

Smale, 2005).

Being active during the regular resting phase can have adverse

consequences on a variety of physiological and behavioral processes, such as

attention and memory (Rouch et al., 2005; Gritton et al., 2009), which are

modulated by arousal system (Blandina et al., 2004; Gonzalez—Burgos and Feria-

Velasco, 2008; Herrero et al., 2008). Interestingly, the circadian clock of the SCN

is not affected by the temporal shifts in the distribution of activity shown by NA

grass rats (Blanchong et al., 1999; Rose et al., 1999; Schwartz and Smale,

2005), Thus, it is plausible that whereas some wakefulness promoting areas

remain faithful to circadian signals from the SCN, some others could dissociate

from the circadian system and start responding to wakefulness per se, or to

some other cue associated with running in a wheel. It is important to evaluate

these possibilities given the widespread incidence of temporal shifts in activity of



human shift workers, and the adverse health consequences that are associated

with shift-work practices, which include among others, an increase in the

development of prostate and breast cancer (Davis et al., 2001; Schernhammer et

al., 2001; Kubo et al., 2006). Therefore, in addition to serving as a diurnal animal

model for chronobiological research in general, the grass rat can also be used as

a model to study the physiological effects exerted by temporal shifts in activity.

In this introductory chapter, I provide an overview of wakefulness-

promoting areas of the brain, emphasizing their role in circadian rhythmicity. I

follow that overview with a discussion of our current understanding of how these

regions respond to temporal shifts in activity in diurnal and nocturnal species. A

short description of the use of Fos protein expression as a marker for neural

activity is also provided, since it is the main tool I use to identify neural activation

in wakefulness promoting areas. Finally I present a summary of the research

questions addressed in each chapter.

Wakefulness-promoting systems and their role on circadian

rhythmicity

Wakefulness-promoting neural populations are distributed throughout the

mammalian brain. It is tempting to suggest that the apparent functional

redundancy of these wakefulness-promoting areas reflects the action of strong

selection for the evolution of brain mechanisms that keep organisms alert and

engaged with the environment. This might have been to ensure the optimal

occurrence of physiological processes and behaviors that promote fitness.

Wakefulness-promoting areas of the brain include: noradrenergic neurons in the



locus coeruleus (LC), serotonergic neurons in the raphe nuclei, histaminergic

neurons in the tuberomammillary nucleus of the hypothalamus (TMM),

orexinergic neurons in the lateral hypothalamus (LH), and cholinergic neurons in

the tegmentum (T) and basal forebrain (BF). From these different locations

neurons send widespread projections to most of the brain. Wakefulness-

promoting cellular groups increase their neural firing during the active phase of

the organism, and with the exception of the cholinergic cells of the T and BF,

they decrease firing during non-rapid eye movement (nREM) sleep and become

silent during rapid eye movement (REM) sleep. Cholinergic cells of the T and BF

cease their firing during nREM sleep, but in contrast to the other systems that

support wakefulness, they increase their firing rate during REM sleep (reviewed

in Jones, 2005). Fos expression in wakefulness-promoting areas appears to

increase concurrently with increases in neural firing (e.g. Novak et al., 2000;

Martinez et al., 2002; K0 et al., 2003). Thus, the neural activity of wakefulness-

promoting areas follows a daily cycle, which suggests that these systems are

under circadian control.

Anatomical evidence indicates that the SCN is likely to modulate the

activity of wakefulness-promoting groups by sending direct as well as indirect

projections to these areas. The orexin group of the LH, for example, receives

direct projections from the SCN (Abrahamson et al., 2001), whereas other areas

receive circadian information through relay sites, including the medial preoptic

area, median preoptic nucleus, ventral subparaventricular zone, and dorsomedial

hypothalamus (Deurveilher and Semba, 2005; Rosenwasser, 2009). The



communication between the SCN and the wakefulness groups, however, is not

unidirectional since the wakefulness-promoting areas are anatomically well

placed to influence SCN activity. Areas such as the TMM, BF, T, raphe nuclei,

and LC send direct projections to the SCN (reviewed in Rosenwasser, 2009).

Moreover, neural activity in the SCN appears to be modulated by these

wakefulness promoting sites. For example, activity in the SCN is higher during

the subjective day and during REM sleep in comparison to nREM sleep (Deboer

et al., 2003). But these patterns can be modified if lab rats are deprived of REM

or nREM sleep (Deboer et al., 2003). These findings suggest that arousal groups

”talk back” to the SCN to possibly provide the SCN clock with information about

the individual’s vigilance state (Colwell and Michel, 2003). lntriguingly, these

areas do not only seem to provide information about vigilance state to the SCN,

but also appear to play a role in the entrainment of circadian rhythms (reviewed

in Yannielli and Harrington, 2004; Rosenwasser, 2009). Most of the evidence

about the functions of wakefulness-promoting brain systems discussed above

has been obtained using nocturnal rodents, and very little about these systems

has been explored in diurnal species. In what follows I discuss what is known

about the role of wakefulness-promoting areas in circadian rhythmicity in

nocturnal as well as diurnal species.

The cholinergic system

Acetylcholine (ACh) can affect the functioning of the circadian clock of the

SCN in nocturnal species, but there is no consensus with respect to its



physiological role. Some of the available data suggest that ACh may facilitate

responses to light (Zatz and Brownstein, 1979; Zatz and Herkenham, 1981;

Earnest and Turek, 1983), but in vitro and in vivo direct cholinergic stimulation of

the nucleus produces phase shifts that are only partially similar to the ones

produced by light (Buchanan and Gillette, 2005). Additionally, there is evidence

that ACh plays a role in the regulation of peptidergic systems in the SCN

(Madeira et al., 2004). In diurnal species little is known about how ACh might

participate in circadian rhythmicity. The available evidence suggests that, at least

in the grass rat, this system might play a lesser role in circadian functions, since

when compared to the lab rat, there is a reduction in the number of cholinergic

fibers in the SCN of grass rats (Castillo-Ruiz and Nunez, 2007). Moreover,

preliminary results indicate that after retrograde tracing injections to the SCN, the

number of labeled neurons in the BF and T is reduced (Castillo-Ruiz et al., 2007)

in grass rats, when compared to what is observed in lab rats (Bina et al., 1993).

Together these results are in agreement with the claim of a reduction in

cholinergic projections to the SCN in the diurnal grass rat and a lesser role for

the cholinergic system in circadian functions in this species, and perhaps in other

diurnal mammals.

The histaminergic system

In nocturnal rodents, histamine (HA) appears to play a role in light

entrainment, since histaminergic stimulation of the SCN either in vivo or in vitro

mimics the effects of light (i.e., produces phase delays early in the subjective



night and phase advances late in the subjective night; reviewed in Harrington et

al., 2000). Additionally, if this system is inhibited, photic effects are attenuated

(reviewed in Harrington et al., 2000). Very little is known about the role of HA in

diurnal species. Preliminary data suggest that the SCN of grass rats receives

histaminergic projections, but these projections do not appear to be as abundant

as the ones present in lab rats (C. Alvarez-Baron, unpublished observations). No

studies have addressed yet whether HA plays a role in entrainment in diurnal

species.

The serotonergic system

The available evidence suggests that serotonin (5HT) plays a role in

photic entrainment. In nocturnal rodents, direct application of serotonergic

agonists into the SCN attenuates responses to light, whereas application of

serotonergic antagonists exacerbates these responses (reviewed in Yannielli and

Harrington, 2004). In diurnal species, however, the effects induced by 5HT might

be different since at least for the Sudanese grass rat, Arvicanthis ansorgei, the

responses to serotonergic agonists are only seen during the subjective night,

which is different from what is seen in nocturnal rodents (Cuesta et al., 2007).

Thus, the effects of 5HT on entrainment are likely to be arousal-dependent

(Challet, 2007). Not surprisingly then, the effects of light and those of

serotonergic agonists on the phase of circadian rhythms are antagonistic in

nocturnal species and agonistic in diurnal animals (Cuesta et al., 2007).



In addition, 5HT appears to play a role in non-photic entrainment. Direct

application of 5HT into the SCN results in phase shifting effects that are similar to

the ones produced by non-photic stimuli in nocturnal rodents (i.e., phase shifting

responses only during the subjective day), such as those produced by social

interactions and handling (reviewed in Yannielli and Harrington, 2004); no study

has determined if 5HT has non-photic effects in diurnal species.

The orexinergic system

After its discovery in 1998 (De Lecea et al., 1998; Sakurai et al., 1998),

the orexinergic system, composed of orexin A (OXA, a.k.a. hypocretin-1), orexin

B (OXB, a.k.a. hypocretin-2) and their receptors, has surfaced as an important

regulator of arousal. If this system is impaired, due to either deficiency in its

receptors or low production levels of orexins, human and non-human individuals

show abrupt bouts of sleep that are not restricted to the rest phase (Jones,

2008). Moreover, it has been suggested that this system plays an important role

in the regulation of other arousal systems through direct projections (reviewed in

Saper et al., 2001) since direct application of orexinergic drugs enhances neural

firing in places such as the BF, raphe nuclei, TMM, and LC (Eriksson et al., 2001;

Brown et al., 2002; Wu et al., 2004; Gompf and Aston-Jones, 2008). In grass

rats, activation of the orexinergic system is related to the display of activity (Nixon

and Smale, 2005). Little is known, however, about orexinergic participation in the

modulation of other arousal systems in diurnal species. In relation to potential

circadian roles for orexin, an in vitro study demonstrated that OXA increases



neural firing of the SCN (Farkas et al., 2002). However, to my knowledge no

study has evaluated yet whether the orexins have a resetting effect of SCN

neural activity rhythms in either diurnal or in nocturnal species.

The noradrenergic system

In nocturnal rodents, noradrenergic drugs have effects on SCN

functioning. The effects, however, differ depending on the duration of the

administration of the drugs. While chronic treatment with the noradrenergic

agonist drug clonidine attenuates light phase-shifting effects, acute treatment

with the same agent mimics the phase shifting effects of light (Dwyer and

Rosenwasser, 2000). Moreover, chronic administration of clonidine shortens the

free running period both in constant light and constant darkness (Rosenwasser,

1996). Thus, norepinephrine (NE) appears to have a modulatory role on SCN

functioning in nocturnal species. No study has explored the role of NE in diurnal

species.

Wakefulness-promoting areas and temporal shifts in activity

Only a handful of studies, mainly done in nocturnal rodents, has evaluated

the effects that temporal shifts in activity have on wakefulness-promoting areas

of the brain. Most of these studies have used sleep deprivation techniques to

induce wakefulness during the regular resting phase. The results of those studies

suggest that these areas respond mainly to wakefulness per se, apparently

overriding circadian regulation. For example, in cholinergic cells of the BF Fos

expression is increased after 6 hours of sleep deprivation induced by gentle



handling (Greco et al., 2000). Also, after 3 hours of sleep deprivation following

the same technique, Fos expression is increased in serotonergic as well as non-

serotonergic cells of the caudal dorsal raphe (Webb et al., 2010), but not in cells

of the LC (in and out of noradrenergic cells; Grossman et al., 2000). However,

sleep deprivation induced by physical restraint during the same interval of time

produces increased Fos expression in the LC (Grossman et al., 2000). In the

diurnal grass rat, voluntary sleep deprivation during the regular resting phase

induces an increase in Fos expression in OXA and OXB cells (Nixon and Smale,

2005) suggesting that this system is also responsive to wakefulness per se in a

fashion that overshadows circadian regulation.

Given that humans who engage in temporal shifts in activity (e.g. night

shift workers) show deficits in processes such as cognitive performance (Rouch

et al., 2005.), which are modulated by wakefulness-promoting areas, it is

important to determine how these systems respond when wakefulness occurs

during the rest phase of diurnal species. Furthermore, the paradigms that are

commonly used to study the effects of shift work with animal models mostly rely

on forcing wakefulness on the experimental animals (Murphy et al., 2003;

Salgado-Delgado et al., 2008). Although these paradigms have shed some light

on the physiological effects exerted by shift work, it is unlikely that the results are

entirely applicable to human shift workers, since in contrast to animals that are

forced to stay awake, most human situations involve the voluntary maintenance

of wakefulness during the resting phase.

10



Fos expression as a marker of neuronal activity

The product of the immediate early gene cfos, i.e., Fos, has been used

widely as a tool to assess neuronal activation induced by behavioral state,

including sleep and wakefulness (Shiromani, 1998). Fos is a transcriptional

regulator, therefore, when produced, it can modulate the expression of other

genes. Although the presence of Fos in a cell does not necessarily imply

enhanced neuronal firing (Shiromani, 1998), at least in wakefulness-promoting

areas, that concordance exists; for those regions there is increased neuronal

firing patterns (reviewed in Saper et al., 2001) as well as increased Fos

expression during the active phase of diurnal and nocturnal rodents (Novak et al.,

2000; Janusonis and Fite, 2001; Martinez et al., 2002; K0 et al., 2003; Kodama et

al., 2005). Moreover, neurotransmitter release at the axon terminals of the

cholinergic neurons of the BF in rats is increased at times when cholinergic cell

bodies of this region show increased Fos expression (Greco et al., 1999; Greco

et al., 2000). Thus, Fos appears to be a reliable marker of neural activity in

wakefulness-promoting areas.

Overview of the chapters

In this dissertation I present experiments that aim to shed light on the

relation that exists between the wakefulness-promoting systems of the brain and

the circadian time keeping system in a diurnal brain. Particularly, the approach

contrasts the patterns of neural activity associated with wakefulness during the

regular active phase and during the inactive phase. For all experiments I used

the male grass rat, Arvicanthis niloticus, as a diurnal animal model. One chapter
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of this dissertation (Chapter 2) has been published with co-authors (Castillo—Ruiz

et al., 2010), and for the sake of consistency, l elected to use first person plural

rather than in all the chapters that present data that are published or will be

sent for peer review with colleagues as co-authors.

In Chapter 2, I investigated whether voluntary temporal shifts in activity in

DA and NA grass rats were related to increase neural activation in the cholinergic

system of the BF. l accomplished that aim by analyzing Fos expression during

the day and during the night in several regions of the BF. In particular, I focused

the analysis on three well characterized cholinergic groups: the medial septum

(MS), the vertical diagonal band of Broca (VDB) and the horizontal band of Broca

(HDB). In nocturnal species the orexinergic system appears to have a

modulatory role in neural activity of the cholinergic system of the BF (Wu et al.,

2004; Fadel and Frederick-Duus, 2008). For that reason, I evaluated the

relationship between these two wakefulness-promoting systems by correlating

Fos expression in the orexin cell group with Fos expression in the BF, and by

looking at orexinergic axonal projections to cholinergic areas of the BF. Finally,

given that running on a wheel might be self-reinforcing (reviewed in Sherwin,

1998), I investigated whether neural activity in the reward system is associated

with wheel running at different phases of the light-dark cycle in DA and NA grass

rats. To address this question, I focused on dopaminergic and non-dopaminergic

cells of two components of the reward system: the ventral tegmental area (VTA)

and supramammillary nucleus (SUM).
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In Chapter 3, I followed up the results from Chapter 2 by investigating

whether, in grass rats, induced wakefulness during the night elicits changes in

neural activity in arousal and reward areas similar to those seen in grass rats that

voluntarily become active at night. I evaluated this question by analyzing the BF,

VTA, and SUM after 6 hours of induced wakefulness produced by gentle

stimulation of the animals. The amount of time for this forced wakefulness was

similar to the amount of time NA grass rats were voluntarily awake before they

were euthanized for obtaining measures of Fos expression in their brains

(Chapter 2). I also evaluated patterns of Fos expression in other wakefulness

and sleep promoting areas - TMM, LC, LH, and VLPO among others-, circadian

controlling areas- the SCN and ventral subparaventricular zone (sPVZ)-, as well

as stress related areas — the parvocellular and magnocellular components of the

paraventricular nucleus of the hypothalamus (pPVN and mPVN, respectively). In

addition, I investigated whether 2 hours of sleep recovery, following the sleep

deprivation episode, influenced neural activation in the same brain regions.

Finally, I used correlational analyses to assess the relationships between Fos

expression in areas that contain orexin cells and Fos expression in other brain

areas related to wakefulness and sleep.

In Chapter 4, to characterize further the histaminergic and serotonergic

regions of a diurnal brain, I analyzed patterns of Fos expression in the TMM and

raphe nuclei. I also assessed whether these cellular groups have axonal

projections that reach the cerebrospinal fluid (CSF). I did so by looking at

patterns of cell labeling after injections of the retrograde tracer cholera toxin
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subunit beta (CTB) to the third ventricle (3V). Finally, I investigated whether the

dense cluster of retrogradely labeled cells found in the DR after the CTB

injections was positive for 5HT.

In Chapter 5 I conclude this dissertation with a discussion of circadian

patterns of neural activation in wakefulness-promoting areas in diurnal and

nocturnal rodents. Then I discuss how voluntary and induced wakefulness during

the inactive phase have differential effects on arousal and reward related areas

in diurnal and nocturnal rodents, and I finish that chapter by discussing the

implications of these findings for humans as well as non-human animals.
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CHAPTER 2

Neural activation in arousal and reward areas of the brain in day-

active and night-active grass rats

INTRODUCTION

Most of the research done in the field of circadian biology involves the use

of nocturnal species as experimental subjects. In contrast, relatively little has

been investigated in diurnal species, mainly due to the lack of suitable models of

diurnality. The unstriped Nile grass rat, Arvicanthis niloticus (grass rat), shows

robust diurnal rhythms in both the laboratory and in the field (Blanchong et al.,

1999), and thus represents an ideal animal model for the study of mechanisms

underlying circadian rhythmicity in diurnal species (Katona and Smale, 1997).

Interestingly, when a running wheel becomes available, a subset of these diurnal

animals shifts to be predominantly active during the night (night-active

individuals, NA), whereas others remain active during the day (day-active

individuals, DA; Blanchong et al., 1999). The shift in locomotor activity pattern

seen in NA grass rats does not appear to reflect a change in the functioning of

the master oscillator of the suprachiasmatic nucleus (SCN; Blanchong et al.,

1999; Rose et al., 1999; Schwartz and Smale, 2005), but rather a change in the

coupling between the SCN and the neural mechanisms that control activity or a

complete dissociation of these mechanisms and the master pacemaker. Because

voluntary activity during the resting phase is a phenomenon commonly seen in

human shift workers, the grass rat also represents a useful model to study the

physiological effects exerted by temporal shifts in activity. This model contrasts
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with other animal models of shift work in which temporal shifts in activity (e.g.

Murphy et al., 2003; Salgado—Delgado et al., 2008) are not produced voluntarily

by the animal but induced by the researcher.

In sedentary grass rats (i.e., singly-housed with no wheels) wakefulness is

associated with enhanced neural activity in the histaminergic (Novak et al., 2000)

and orexinergic (Martinez et al., 2002) brain arousal systems, such that there is

an increase in Fos expression in those cellular groups during the active phase as

compared to the resting phase of the 24-hour cycle. Likewise, the orexinergic

system of grass rats housed with wheels shows an increase in Fos expression at

times when animals are actively running, regardless of the phase of the light-dark

cycle where the locomotor activity occurs (Nixon and Smale, 2004). It is unclear,

however, how other arousal systems of the brain might respond to this temporal

segregation of activity. Of particular interest is the cholinergic (ACh) system of

the basal forebrain (BF), since it participates in cortical arousal (reviewed in

Jones, 2008). This system is involved in the generation of the hippocampal theta

wave (HPC-B), a rhythm that is displayed during wakefulness and paradoxical

sleep (reviewed in Buzsaki, 2002) and has been associated with the execution of

voluntary activity, such as wheel-running (Oddie et al., 1996). Also, when

laboratory rats are stimulated to stay awake during their resting phase, ACh

neurons of the BF show increased Fos expression (Greco et al., 2000)

supporting the role of these neurons in arousal. In addition, neurons of the BF

that secrete gamma-amino-n- butyric acid (GABA) and glutamate appear to play
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a modulatory role in cortical activity, as well as in the HPC-G (Leung and Shen,

2004; Yoder and Pang, 2005; Henny and Jones, 2008).

It is likely that neural activity in the ACh BF is influenced by arousal

systems, such as the orexinergic system. This system, composed of neurons

producing orexin A (OXA), orexin B (OXB) and their receptors, has been

postulated to play an important role in the regulation of other arousal systems,

including the ACh BF (Saper et al., 2001). In fact, orexinergic neurons project

densely to the latter cellular group and these cells are responsive to orexin

stimulation (Wu et al., 2004). Moreover, blockade of orexin receptors in ACh cells

of the medial septum (MS), a component of the BF, attenuates the HPC-6 rhythm

(Gerashchenko et al., 2001). Thus, the orexinergic system may play a role in the

modulation of neural activity of the ACh BF in grass rats with access to wheels.

An additional system of the brain that might be stimulated by the temporal

segregation of activity in DA and NA grass rats is the reward system. It has been

suggested that wheel running is rewarding and possibly addictive (Eikelboom

and Lattanzio, 2003), since animals not only work for wheel access, but also

compromise vital activities such as food and water intake in order to engage in

wheel running (reviewed in Shenrvin, 1998). The reward system includes the

ventral tegmental area (VTA) and the supramammillary nucleus of the

hypothalamus (SUM). These areas show increased neural activation upon

exposure to rewarding stimuli (e.g. Asmus and Newman, 1994; Balfour et al.,

2004; Marcangione and Rompre, 2008), including acute access to a running

wheel (Yanagita et al., 2007). The rewarding effects mediated by these systems
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depend on direct (VTA; reviewed in Ikemoto and Panksepp, 1999) and indirect

(SUM; Ikemoto et al., 2004) efferent projections to the nucleus accumbens

(NAc), and require the release of dopamine in this nucleus (Yoshida et al., 1992;

Schilstrom et al., 1998; Ikemoto et al., 2004). In addition to their role in reward,

the VTA and SUM are also involved in the modulation of vigilance states. For

example, there is increased activation of dopamine cells of the VTA during

paradoxical sleep and during the execution of appetitive behaviors as compared

to slow wave sleep and quiet wakefulness (Dahan et al., 2007). The SUM in turn

is involved in the control of the HPC-6 rhythm, and thus may participate in

learning and memory (reviewed in Pan and McNaughton, 2004). Additionally, the

SUM contributes to emotional responses (Pan and McNaughton, 2004). Thus,

given the roles of the VTA and SUM in motivation and arousal, it appears likely

that neural activation of these regions is associated with wheel access in ways

that may differ in animals that run at different times of day.

In the present study we investigated the relationship between neural

activation in the BF, VTA, and SUM, and the voluntary shifts in locomotor activity

seen in DA and NA grass rats. First, we evaluated whether neural activity in three

major components of the ACh system of the grass rat BF — the MS, vertical

diagonal band of Broca (VDB), and horizontal diagonal band of Broca (HDB) - is

associated with temporal patterns of wheel running. Second, we evaluated the

hypothesis that orexinergic cells might modulate neural activity of the grass rat

BF by looking at whether activation of cells in these two systems is correlated

and at whether orexin cells send direct axonal projections to the BF. Finally, we
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investigated whether neural activity in the reward system is associated with

wheel running at different phases of the light-dark cycle in DA and NA grass rats.

To address this question, we focused on dopaminergic and non-dopaminergic

cells of the VTA and SUM. Thus, the present study expands our current

understanding of voluntary temporal shifts in activity and their associations with

neural activation in arousal, as well as in brain reward areas in a diurnal

mammal.

EXPERIMENTAL PROCEDURES

Animals

Thirty-six adult male grass rats were used in this study. Twenty-four had

access to wheels (n = 12 DA, 12 NA), while the remaining 12 served as no-wheel

controls (C). All animals were born in our laboratory and derived from a group

brought from Kenya in 1993 (Katona and Smale, 1997). Animals were kept on a

12:12 light-dark cycle with a red light (< 5 qu) on at all times, and were provided

with ad Iibitum access to water and food (Harlan Teklad 8640 rodent diet, Harlan

Teklad Laboratory, Madison, WI, or PMI Nutrition Prolab RMH 2000, PMI

Nutrition International, Brentwood, MO). The approach used to determine the

chronotype of DA and NA individuals, as well as their housing conditions, were

described previously, as these same animals were used in prior work from this

lab (Nixon and Smale, 2004). Briefly, the animals were housed with a wheel (26

cm diameter, 8 cm width) in plexiglass cages (17 x 34 x 28 cm)iand wheel-

running rhythms were monitored using DSI Dataquest 3 system (MiniMitter,

Sunriver, OR). After the rhythms were stable for at least one week, animals were
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classified as DA if activity ceased within 2 hours after lights-out, or as NA if

activity continued for more than 4 hours after lights-out. The third group of

animals used in this study, the C group, consisted of singly-housed (plexiglass

cages 17 x 34 x 28 cm) grass rats with no wheels. Under those conditions grass

rats show patterns of sleep, general activity, and body temperature that are

characteristic of diurnal species (McElhinny et al., 1997; Novak et al., 1999). All

animals were kept under the aforementioned conditions for at least one month

before sacrifice. All experiments were performed in compliance with guidelines

established by the Michigan State University Institutional Animal Care and Use

Committee, and the National Institutes of Health Guide for the Care and Use of

Laboratory Animals.

Tissue collection and preparation

Animals (n = 6 per group) were perfused at Zeitgeber times (ZT) 4 and 16.

At the time of perfusion animals were deeply anesthetized with intraperitoneal

injections of sodium pentobarbital (Ovation Pharmaceutical, Deerfield, IL). An

aluminum hood was placed over the head of the animals euthanized during the

dark phase to prevent exposure to light. Animals were perfused intracardially with

0.01 M phosphate-buffered saline (PBS; pH 7.4), followed by 4%

paraformaldehyde (Sigma-Aldrich, St. Louis, MD) with 75 mM lysine (Sigma-

Aldrich) and 10 mM sodium periodate (Sigma-Aldrich; PLP). Brains were post-

fixed in PLP for 4 — 8 h, and then transferred to 20% sucrose solution in 0.1 M

PB overnight at 4°C. Then, coronal sections (30 um) were cut on a freezing
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sliding microtome, and alternate sections were collected in three series in

cryoprotectant solution at -20°C until further processing.

Although the tissue from all groups was processed at the same time, the

time elapsed between perfusion and immunocytochemical procedures was not

the same for all groups. Whereas the brains of DAs and NAs were stored in

cryoprotectant for over seven years, the brains of our Cs were stored in this

solution only for one month. This difference in exposure to cryoprotectant,

however, was not likely to have an effect on our results since tissue can be

stored for many years in this solution without losing antigenicity (Hoffman and Le,

2004). Furthermore, our results were area and sample-time specific, and did not

indicate reduced antigenicity in the tissue kept the longest in cryoprotectant.

Thus, the data presented here are likely to reflect only neuronal activation

associated with the conditions of the study pertinent to each group and not the

effects of differential time since perfusion.

Experiment 1: Basal forebrain activation and its relation to orexinergic

acfivafion

1.1. Basal forebrain activation

Tissue was rinsed 3 times (10 min/rinse) in 0.01 M PBS between all steps

of the immunocytochemical procedures and all steps were carried out at room

temperature unless indicated othenlvise. In addition, all incubations included

0.3% Triton X-100 (RPI, Elk Grove Village, IL). Free-floating sections containing

the MS, VDB, and the HDB were rinsed (6 times, 10 min/rinse) in 0.01 M PBS,

blocked for 1 h using 5% normal donkey serum (NDS; Jackson lmmunoResearch
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Laboratories, West Grove, PA) in PBS and incubated for 48 h in a rabbit anti-Fos

antibody (Santa Cruz Biotechnology, Santa Cruz, CA; diluted 120,000 in PBS

and 3% NDS). The sections were then incubated for 1 h 30 min in a donkey anti-

rabbit biotinylated antibody (Jackson; diluted 1:200 in PBS and 3% NDS), and

then for 1 h 30 min in avidin-biotin peroxidase complex (AB complex, Vector

Laboratories, Burlingame, CA; in PBS). After 3 rinses (10 min/rinse) in Tris buffer

(pH = 7.2), the sections were reacted with 0.025% diaminobenzidine (DAB;

Sigma-Aldrich) enhanced with 2.5% nickel sulfate (Sigma-Aldrich) in Tris buffer

with 3% hydrogen peroxide (J.T. Baker, Phillipsburg, NJ) for 7 min. This reaction

was followed by four 10 min rinses in PBS. Then, sections were blocked for 1 h

in 5% normal horse serum (NHS; Vector; in PBS) and incubated for 48 h in a

goat anti-choline acetyltransferase (ChAT) antibody (Chemicon, Temecula, CA;

diluted 1210,000 in PBS and 3% NHS). Following primary incubation, the sections

were incubated for 1 h 30 min in a horse anti-goat biotinylated antibody (Vector;

diluted 1:200 in PBS and 3% NHS). Then, the tissue was incubated for 1 h 30

min with AB complex (Vector; in PBS). After 3 rinses (10 min/rinse) in Tris buffer,

the sections were reacted with 0.02% DAB in the same buffer (with 0.35 pl 30%

hydrogen peroxide/ml buffer) for 5 minutes, and then rinsed in 0.01 M PBS (4

times, 5 min/rinse). All sections were mounted onto gelatin-coated slides,

dehydrated, and coverslipped with dibutyl phthalate xylene (Sigma-Aldrich).

In order to quantify Fos and ChAT expression, we selected three sections

throughout the MS and VDB and five sections for the HDB. Sections for the MS

and VDB corresponded approximately to plates 15 through 17 of the rat brain
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atlas by Paxinos and Watson (1997), whereas sections for HDB corresponded to

plates 15 through 20. For every section selected, cells expressing Fos, ChAT,

and Fos+ChAT were counted within a region defined by a 600 um (width) x 300

pm (height) box placed in the center of the studied areas (see Fig. 2.1A-2.1E).

Stereo Investigator software (MBF Bioscience Inc, 2007) was used to place the

box and perform counts. All counts were made by an investigator unaware of the

source of the tissue. After the cell counts were completed, the total cell counts

were divided by the area occupied by the box (0.18 mmz) and that represented

the data that were analyzed. Adjustments were done when small portions of the

counting box fell outside the studied areas. For the HDB, we averaged data from

the two sides of the brain per section. The MS and VDB did not require this

procedure since they are located close to the midline (see Fig. 2.1A—2.1C).

To analyze the data obtained in the IF, we used three-way analysis of

variance (ANOVA). These analyses had ZT (4 and 16) and group (DA, NA, and

C) as between-subjects factors and level of the section (3 levels for MS and

VDB, and 5 levels for HDB) as a within-subjects factor. The dependent variables

analyzed per area were: (1) number of ACh cells/mmz, (2) number of non-

cholinergic (nACh) cells expressing Fos/mmz, and (3) proportion of ACh cells

expressing Fos. Because this latter variable was expressed as proportions, it

was squared root transformed, and then, arcsine transformed to normalize its

distribution. For all comparisons differences were considered significant when p

was less than 0.05. Significant interaction effects were followed by analyses of
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Figure 2.1. Rostro-caudal illustrations depicting representative sampling areas

used to quantify Fos expression in ACh and nACh cells of the MS, VDB, and

HDB (A-E), as well as Fos expression in nTH and TH cells of the VTA and SUM

(F-l). Boxes used for cellular counts had the following dimensions: (A-E) 600 pm

x 300 um and (F-l) 160 pm x 160 um. Scale bar= 1 mm.
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simple effects and post hoc comparisons using t- tests. The software used for the

statistical analyses was SAS v 9.1 (SAS Institute, 2002).

1.2. BF activation and orexin activity in DA ans NA grass rats

To determine whether activation of orexin cells was correlated with BF

activation, we used correlational analyses between Fos expression in OXA and

OXB cells and Fos expression in ACh and nACh cells of the BF. Data for Fos in

OXA and OXB cells in the same animals came from Nixon and Smale (2004; see

Animals section above). We did not test whether orexin activation was related to

BF activation in Cs since for this group we did not have data on the former

variable. The program used to analyze the correlations was SPSS v. 15.0

(SPSS; SPSS, Chicago, IL).

To complement the correlational analyses, we evaluated whether the

grass rat BF might receive orexinergic inputs. Particularly, we wanted to

determine if orexin-containing fibers formed putative appositions with ACh cells.

We limited the anatomical analyses to OXA only, since the distribution of orexin-

containing fibers in the BF of grass rats is very similar for the two orexins (Nixon

and Smale, 2007a). For this analysis, sections containing the BF from 2 animals

per group (DA, NA, and C) were reacted for OXA, as described in Nixon and

Smale (2004), and for ChAT. Briefly, tissue was blocked using NDS (Jackson),

then reacted with goat anti-OXA (Santa Cruz; diluted 1210,000), and donkey anti-

goat secondary (Santa Cruz; diluted 1:500). Following PBS rinses after the

OXA/nickeI-DAB reaction (7 minutes), the tissue was blocked using NHS, and
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then incubated in goat anti-ChAT primary following the same procedure

described above for BF activation. Following DAB reaction (3 minutes), tissue

was mounted and coverslipped with DPX. Putative contacts between OXA fibers

and ACh cells were verified with a 100x objective.

Experiment 2: Activation of reward systems

Free- floating sections throughout the VTA were processed for Fos and

tyrosine hydroxylase (TH) following procedures similar to the ones described

above with the exceptions noted below. For the Fos staining, the tissue was

incubated in 5% NDS (in PBS) for 30 min and with a rabbit anti-Fos antibody

(Santa Cruz; diluted 120,000 in PBS and 3% NDS) for 24 h. The incubations

with a donkey anti-rabbit biotinylated antibody (Jackson; diluted 1:200 in PBS

and 3% NDS), as well as with the AB complex (in PBS) were for 1 h. The DAB-

nickel sulfate reaction lasted 6.5 min. For TH staining, the tissue was incubated

in 5% NHS (Vector; in PBS) for 30 minutes. Tissue was then incubated with

mouse anti-TH (lmmunostar, Hudson, WI; diluted 1:20.000 in PBS and 3% NHS)

for 24 h. The biotinylated secondary antibody incubationwith horse anti-mouse

(Vector; diluted 1:200 in PBS and 3% NHS), as well as the AB complex

incubation (in PBS) were for 1 h. The reaction time with the DAB solution lasted 2

min.

In order to quantify Fos and TH expression, we selected four sections

throughout the VTA (rostral to caudal VTA). These sections corresponded

approximately to plates 37 through 43 of the rat brain atlas by Paxinos and

Watson (1997). For every section selected, cells expressing Fos, TH, and
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Fos+TH were counted within a region defined by a 160 um x 160 um box that

was placed lateral to the medial border of the VTA (see Fig. 2.1F-2.1I), in an area

rich in TH staining. Counts were done bilaterally in the VTA and cell numbers

were averaged per section. In addition, the counting box was placed in one

section of the caudal SUM (see Fig. 2.1 F). All counts were done using a 25x

objective and performed by an investigator unaware of the source of the tissue.

To analyze the data obtained in the VTA, we could not use repeated

measures ANOVA, because some sections were missing for a few animals.

Instead, we used two-way ANOVAs per VTA region. The independent variables

were ZT and group whereas the dependent variables analyzed were (1 ) number

of Fos cells in non-TH (nTH) cells and (2) number of TH cells. Data on TH cells

expressing Fos were not analyzed because double-labeled cells were very rare

across all groups. Significant main effects were followed by post hoc

comparisons using t-tests. The software used for the statistical analyses was

SAS v 9.1 (SAS Institute, 2002).

RESULTS

Experiment 1: Basal forebrain activation and its relation to orexinergic

activation

1.1. Basal forebrain activation

The total number of ACh cells in the MS, VDB, and HDB did not differ

significantly for any comparison (all p values > 0.08). Also, the proportions of

ACh cells that contained Fos in the MS and VDB, were not significantly affected
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by time of day or by chronotype or by an interaction between these factors (all p

values > 0.14; data not shown). The patterns of results for which ANOVAs

revealed significant effects of our independent variables on cells within the BF

are summarized in Figures 2.2-2.5.

HDB

Patterns of Fos expression in the HDB were not significantly affected by

level of the HDB being analyzed nor by any of the interactions involving this

factor (p > 0.27; data not shown). Thus, the data were averaged across sections

and analyzed using two-way ANOVAs.

Pattems of Fos expression in ACh cells

The interaction between ZT and group was significant [F2 27 = 6.76, p <

0.01]. Analysis of the simple effect of ZT within group revealed that NAs had

more double-labeled cells at ZT 16 than at ZT 4 [F7 27 = 8.80, p < 0.01, Fig.

2.2A], whereas Cs had more double-labeled cells at ZT 4 than at ZT 16 [FL 27 =

4.63, p = 0.04, Fig. 2.2A]. In contrast, there was no significant effect of ZT for

DAs [F1_ 27 = 1.22, p = 0.28, Fig. 2.2A]. Analysis of the simple effect of group

detected no significant differences across groups at ZT 4 [F2 27 = 0.14, p = 0.87],

whereas a significant difference was observed at ZT 16 [F2 27 = 11.19, p < 0.01].

At ZT 16, NAs and DAs had more double-labeled cells than Cs [t27 = -4.62, p

<0.01 and t27 = -2.98, p <0.01, respectively, Fig. 2.28). No differences were

observed between DAs and NAs [t27 = -1.16, p = 0.26, Fig. 2.28].
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Figure 2.2. Patterns of Fos expression in ACh cells (A, B) and nACh cells (C, D)

in the HDB. Panels A and C show significant ZT differences (asterisks) within

groups, whereas panels B and D show significant group differences within ZT (p<

0.05). Note that group means with different letters are significantly different from

each other, here as well as in Figures 3, 4, and 7.
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HDB

Fos in nACh cells

DC

.DA

.NA

     

 

 

     

D

6001

4001

200_ .1:

o 7 r

c DA 
33



Patterns ofFos expression in nACh cells

As the raw data were found to violate the normality assumption of the

ANOVA, they were squared root transformed prior to analysis. The same

transformation was done for all data sets involving nACh neurons. There was a

significant interaction between ZT and group [F2 27 = 5.53, p < 0.01]. Analysis of

the simple effect of ZT revealed that DAs and NAs had more Fos expression at

ZT 16 than at ZT 4 [F1, 27 = 4.40, p = 0.05 and F1, 27 = 5.11, p = 0.03, respectively,

Fig. 2.2C], whereas no differences were observed for Cs [F7 27 = 3.36, p = 0.08,

Fig. 2.2C]. Analysis of the simple effect of group revealed that at ZT 4 there were

no differences in Fos expression across groups [F2 27 = 0.99, p = 0.39], whereas

at ZT 16 differences were observed [F2 27 = 17.96, p < 0.01]. At ZT 16, NAs and

DAs had more Fos expression in nACh cells than Cs [t27 = -5.48, p < 0.01 and t27

= -4.62, p < 0.01, respectively, Fig. 2.20]. No difference was observed between

DAs and NAs [t27 = -0.28, p = 0.78, Fig. 2.20].

MS

Pattems of Fos expression in nACh cells

The main effect of level was significant [F2 54 = 9.67, p < 0.01], with the

caudal level showing more Fos expression in nACh cells than the rostral level [t54

= —4.39, p < 0.01]. The middle level had more Fos expression than the rostral

level [t54 = -2.08, p = 0.04], but lower expression than the caudal level [t54 = -2.32

p = 0.02]. These effects of level had no significant interactions with the effects of

ZT or group. The interaction between ZT and group, however, was significant [F2
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27 = 5.38, p = 0.01]. Analysis of the simple effects of ZT revealed that NAs had

more Fos expression in nACh cells at ZT 16 than at ZT 4 [F1,27% 7.14, p = 0.01

Fig. 2.3A]. No differences were observed for Cs [FL 27 = 3.77, p = 0.06, Fig. 2.3A]

or DAs [F7 27 = 0.01, p = 0.94, Fig. 2.3A]. Analysis of the simple effects of group

revealed that at ZT 4 there were no statistical differences across groups [F2 27 =

0.37, p = 0.69], but at ZT 16 there was a significant effect of group [F2 27 = 7.22, p

< 0.01]. Paired comparisons revealed that at ZT 16, NAs expressed more Fos in

nACh cells than DAs and Cs [t27= -2.18, p = 0.04 and t27 = -3.76, p < 0.01,

respectively, Fig. 2.3B]. No differences were observed between DAs and Cs [t27 =

4.13, p = 0.25, Fig. 2.3B].

VDB

Patterns of Fos expression in nACh cells

There was a significant main effect of level [F2 54 = 4.60, p = 0.01], and t-

tests revealed that the rostral level contained fewer nACh cells expressing Fos

than the caudal level [t54 = -3.03, p < 0.01]. In contrast, no differences were

observed between the middle and rostral [t54 = -1.48, p = 0.15] or the middle and

caudal [t54 = -1.56 p = 0.12] levels. These effects of level had no significant

interactions with the effects of ZT or group. In contrast, a significant interaction

was observed between ZT and group [F2 27 = 3.82, p = 0.03]. Analysis of the

simple effects of ZT revealed that none of the groups had differential expression

of Fos at the two ZTs [0: F1, 27 = 3.77, p = 0.06; DA: F1, 27 = 0.26, p = 0.62; and
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Figure 2.3. Patterns of Fos expression in nACh cells in the MS. Panel A shows

significant ZT differences (asterisks) within groups, whereas panel B shows

significant group differences (letters) within ZT (p< 0.05).
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Figure 2.4. Patterns of Fos expression in nACh cells in the VDB. Panel A shows

comparisons within groups (no significant effects of ZT). Panel B shows

significant group differences (letters) within ZT (p< 0.05).
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Figure 2.6. Photomicrographs of ACh cells (ChAT- positive) expressing Fos in

the HDB (A, 8), MS (C, D), and VDB (E, F) of a control (A, C, E) and a NAgrase

rat (8, D, F) euthanized at ZT 16. Arrowheads indicate some double-labeled

cells. Foe: blue nuclear staining. ChAT: brown cell body staining. Scale bar= 100

um.
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NA F1, 27 = 3.68, p = 0.07, Fig. 2.4A]. Analysis of the simple effects of group,

revealed that at ZT 4 there were no differences across groups [F2 27 = 0.12, p =

0.89], whereas at ZT 16 significant differences were observed [F2 27 = 9.29, p <

0.01]. At ZT 16, NAs and DAs had more Fos expression in nACh cells than Cs

[t27 = -4.21, p < 0.01 and t27 = -2.69, p = 0.01, respectively, Fig. 2.4B], whereas no

differences were observed between DAs and NAs [t27 = -1.08, p = 0.29, Fig.

2.4B].

1.2. BF activation and orexin activity in DA and NA grass rats

In the MS and VDB, Fos expression in ACh and nACh cells, was positively

correlated with Fos expression in OXA cells, but only in NAs (Table 2.1). The

results were identical for OXB (data not shown). In contrast, in the HDB no

significant correlations between these measures were observed for either group.

OXA fibers were visible in the MS, VDB, and HDB of all groups. Furthermore, the

pattern and characteristics of OXA projections to those areas were similar across

groups. In the three brain regions, OXA fibers were distributed sparsely and

contained numerous varicosities. Those varicosities were observed in close

proximity to ACh cells, as well as to nACh cells of the BF (Fig. 2.6).

Experiment 2: Activation of reward systems

The number of TH cells in the VTA (p > 0.23) and SUM (p > 0.06) was not

significantly affected by any of the factors analyzed (data not shown). The

pertinent results for the VTA and SUM are summarized in Figures 2.7 and 2.8.
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Table 2.1. Correlations between Fos expression in MS, VDB, and HDB cells and

Fos expression in OXA cells.

 

DA NA

IIIIS

Fos in nACh cells F .037 F .758*

p= .925 p= .004

Fos in ACh cells F .307 F .625*

p= .421 p= .030

Overall Fos expression F .080 F .772*

p= .839 p= .003

VDB

Fos in nACh cells F .295 F .640*

p= .441 p= .025

Fos in ACh cells F .302 F .782*

p= .429 p= .003

Overall Fos expression F .310 F .664*

p= .417 p= .018

l-IDB

Fos in nACh cells F -.132 F .533

p= .736 p= .074

Fos in ACh cells F .032 F .558

p= .935 p= .059

Overall Fos expression F -.104 F .540

p= 789 p=.070
 

(*) Significant correlation (p < .05).
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Figure 2.6. Photomicrograph of putative OXA fiber appositions (arrows)

withAChceIls(arro«heads)intheHDBofarepresentativeanimal. Note

“NativeappoeitionsarealsoobeewedhthevicinityofAChcells.

Sceleber=30pm.
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. VTA

In the most rostral level of the VTA (anterior VTA, aVTA) neither the effect

of ZT [F1, 29 = 0.11, p = 0.74] nor the interaction between ZT and group [F2 29 =

0.36, p = 0.70] were significant, whereas the main effect of group [F2 29 = 7.94, p

< 0.01] was significant, such that DAs and NAs expressed more Fos than Cs [t2g

= -2.86, p < 0.01 and t2g = -3.82, p < 0.01, respectively, Fig. 2.7A and 2.78]. No

significant difference was observed between DAs and NAs [t29 = -1.02, p = 0.32,

Fig. 2.7A and 2.78]. For the rest of the VTA none of the factors analyzed or their

interactions had a significant effect on Fos expression (data not shown).

SUM

Neither the main effect of ZT [F7 23 = 2.80, p = 0.11] nor the interaction

between ZT and group [F2 23: 2.98, p = 0.07] were significant. The main effect of

group [F2 23: 13.30, p < 0.01], however, was significant, such that DAs and NAs

expressed more Fos than Cs [t28 = -4.97, p < 0.01 and t28= -3.72, p < 0.01,

respectively, Fig. 2.7C and 2.7D]. No significant difference was observed

between DAs and NAs [t23= -1.17, p = 0.25, Fig. 2.70 and 2.7D].

DISCUSSION

Experiment 1: Basal forebrain activation and its relation to orexinergic

acfivaflon

HDB
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Figure 2.7. Patterns of Fos expression in nTH cells of the aVTA (A, B) and SUM

(C, D). Panels A and C show the distribution of Fos expression in nTH cells for

each group at each sampled time. Neither the effect of ZT nor the interaction

between ZT and group were statistically significant. Panels B and D show the

overall distribution of Fos expression in nTH cells for each group. The effect of

group was statistically significant (p< 0.05).
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Figure 2.7. (cont’d)
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Figure 2.8. Photomicrographs of Fos and TH cells in the aVTA (A) and SUM

(B). Double-labeled cells were scarce (arrow in B) or weent in both areas.

In addition, note that TH cells were abundant in the aVTA. However, these

cells were not positive for Fos, even though this protein was observed in the

vicinity of those neurons (arrowheads). Fos: blue nuclear staining. TH:

brown cell body staining. Scale bar= 100 um.



In the HDB, we found that regardless of wheel access and chronotype Fos

expression in ACh and nACh cells was similar across groups at ZT 4 (Fig. 2.2),

even though NAs sleep more at this time (Schwartz and Smale, 2005). A likely

explanation for these results is that a common experience (i.e., sleep) produces

the return of neural activation to baseline levels in the BF. In fact, both DA and

NA grass rats housed with wheels (Schwartz and Smale, 2005), as well as

sedentary grass rats (Novak et al., 1999), increase the display of behavioral

sleep late in the dark phase (between ZT 20 and 22). This universal display of

sleep late at night could be the common experience that induces the return of

neural activity to baseline levels in the grass rat BF, even if the sleep debt of NAs

is not completely dissipated at ZT 4. Evidence for this claim comes from

experiments using laboratory rats (Greco et al., 2000) and mice (Basheer et al.,

1997). In both species, forced wakefulness produces an increase in Fos

expression in the BF, but this pattern declines rapidly following 1-2 hours of

recovery sleep. Furthermore, in laboratory rats, recovery sleep particularly

decreases activation of ACh cells of the VDB and HDB (Greco et al., 2000).

Thus, it is possible that at ZT 4 the similar pattern of Fos expression across

groups in nACh and ACh cells of the HDB is a consequence of the sleep that

occurs towards the end of the dark phase.

In sharp contrast to the results obtained during the day, during the night

Fos expression in ACh and nACh cells in the HDB was higher in both groups of

animals with wheels than in animals without them (Fig. 2.2 and 2.5). This was

likely due to a decrease in Fos expression from day to night in the Cs, combined
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with either an increase in Fos expression at night (i.e., in ACh and nACh cells of

NAs and in the nACh cells of DA animals) or the maintenance of day time levels

of expression when the animals were sampled at ZT 16 (i.e., in ACh cells of

DAs). Thus, in general enhanced Fos expression in the HDB corresponded to the

pattern of wakefulness or activity for the NAs and the Cs, but that relationship

was absent in the DA5. This suggests that after many days of access to a

running wheel the functioning of these cells becomes decoupled from wheel

running.

The results of neuronal activation in the HDB of animals with wheel

access contrast with those reported for the orexinergic system of these animals.

In the orexigenic arousal system, expression of Fos is predominantly determined

by the temporal display of activity: it is high at night for NAs and high during the

day for DAs (Nixon and Smale, 2004). Thus, these results, together with the lack

of significant correlations between Fos expression in the HDB and Fos

expression in the orexin cells (Table 2.1), serve to argue against a prominent role

for the orexinergic system in inducing Fos expression in the HDB of grass rats

with access to wheels. This is in spite of anatomical evidence that orexinergic

fibers appear to make contacts with ACh and nACh cell in the HDB of grass rats

(Fig. 2.6). Considering the role of the orexins in the activation of serotonergic,

histaminergic, and norepinephrinergic arousal systems (reviewed in Saper et al.,

2001), our results raise the possibility that other arousal systems independent of

orexinergic influences play a role in the activation of HDB cells seen here.
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An outcome of enhanced neural activity at night in the HDB of both DAs

and NAs could be neural changes in areas that receive input from the HDB. The

olfactory bulbs (OBs) and pirifonn cortex (Pir), which are components of the

olfactory system, receive ACh and GABAergic projections from the HDB (Luskin

and Price, 1982; Mesulam et al., 1983; Zaborszky et al., 1986). In laboratory rats,

Fos expression in ACh cells of the BF is associated with release of acetylcholine

at their terminals (Greco et al., 1999; Greco et al., 2000). If this is also true for

our animals with wheel access, it suggests that the DES and Pir are being

stimulated by the release of acetylcholine during the normal resting phase.

Likewise, the GABAergic cellular group of DAs and NAs could be stimulated to

release GABA at night in animals with wheel access, independently of the

preferred phase of the day-night cycle for the display of activity. The release of

these neurotransmitters in the DES and Pir could alter functions modulated by

these areas, such as olfactory processing in the case of the Pir and OBs

(reviewed in Wilson et al., 2004), and thermoregulation, sexual behavior, and

circadian rhythmicity in the case of the 083 (Brunjes, 1992). In laboratory rats,

ACh cells of the BF also send projections to the main circadian pacemaker of the

suprachiasmatic nucleus (SCN; Bina et al., 1993), and nocturnal release of ACh

in the SCN can shift its functioning in a time dependent manner (i.e. phase

advances throughout the night; Buchanan and Gillette, 2005). In grass rats, the

shift to a nocturnal pattern of activity does not affect the phase of SCN rhythms

(Blanchong et al., 1999; Rose et al., 1999; Schwartz and Smale, 2005), although

it appears to activate at least some ACh cells of the BF (i.e., those of the HDB,
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as shown here). A lack of a phase shift in SCN functioning may be due to the fact

that in sharp contrast to laboratory rats, the SCN of grass rats receives only a

few ACh projections (Castillo-Ruiz and Nunez, 2007), and these are not likely to

originate in the BF (A. Castillo-Ruiz, unpublished observations).

MS and VDB

In the MS and VDB of all groups there was a rostro-caudal gradient of Fos

expression in nACh cells, with more labeled cells present in the caudal sections.

The BF, including the MS and VDB, is organized according to rostro-caudal

bands that coil along the axis, and each band is proposed to contain sub-bands

of neurons that produce specific neurotransmitters and peptides (Zaborszky and

Duque, 2003). Therefore, our results may reflect that different cell groups across

the rostro-caudal axis of the BF contribute differentially to neural activation of the

BF, which may have in turn differential effects in the functioning of brain areas

that receive inputs from these cellular groups.

Since in laboratory rats, ACh cells of the VDB, but not those of the MS,

show increased Fos expression after prolonged waking (Greco et al., 2000), we

expected to find that our NAs would show increased Fos expression in ACh cells

of the VDB during their active time: the dark phase. However, we did not find

effects of group or ZT on Fos expression in ACh cells in either the VDB or the

MS. The discrepancy between Greco’s results and ours in the VDB could be

because the physiological effects produced in the VDB by voluntary activity

maybe fundamentally different from those produced by forced wakefulness. That
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is, forced wakefulness is likely to be more stressful and could induce more Fos

expression in the BF than voluntary wakefulness during the normal resting

phase. The MS and VDB of mice and laboratory rats contain the corticotropin-

releasing hormone (CRH) receptor 1 (Radulovic et al., 1998), and in mice there is

a high degree of colocalization of this receptor and ACh in neurons in both areas

(Sauvage and Steckler, 2001). Furthermore, in laboratory rats CRH stimulates

neuronal activity in the MS and VDB (Osada, 1997). Thus, experimental

wakefulness paradigms may induce widespread Fos expression in ACh cells of

the VDB due to the actions of CRH on these neurons, but only when stress

responses are involved. Another possibility is that an acute episode of

wakefulness during the resting phase activates more ACh neuronal groups than

chronic exposure does. In Greco’s study the animals were exposed to two hours

of sleep deprivation, whereas in this study our NA animals were running in

wheels and showing wheel running during the night for a month. In addition, our

animals were not likely to be sleep deprived, due to their redistribution of sleep,

which involves a compensatory increase in daytime sleep bouts (Schwartz and

Smale, 2005).

In sharp contrast to our results for the ACh cells of the MS and VDB, we

found statistically significant group differences in Fos expression in nACh cells in

these areas, but only at night (Fig. 23-25). As discussed previously for the HDB,

a potential explanation for the lack of group differences at ZT 4 is the resetting

effect of the sleep that occurs late at night in all grass rats, and that may result in

a return to baseline neural activity in the BF, regardless of group differences in
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nocturnal locomotor activity. During the night, Fos expression in nACh cells of the

VDB was higher in both groups of animals with wheels than in those without

wheels, but in the MS nocturnal Fos expression was high only in NAs. As with

the HDB, group differences in the VDB at ZT 16 appear to be due to a relative

reduction in Fos expression between ZT 4 and ZT 16 for the Cs, combined with

the opposite trend occurring during that time in NAs, and with the maintenance of

daytime levels in DAs.

The MS and VDB project densely to the hippocampus, and ACh,

GABAergic, as well as glutamatergic neurons of the MS and VDB modulate the

HPC-6 (Leung and Shen, 2004; Yoder and Pang, 2005). The HPC-G is seen

when animals engage in voluntary behaviors, including wheel running , and in

laboratory rats integrity of the MS connection to the hippocampus is needed not

only to maintain the HPC-6, but also to support wheel running (Oddie et al.,

1996). These data suggest that the septal-hippocampal pathway is important for

the modulation of wheel-running intensity. Interestingly, NA grass rats show

substantially higher levels of wheel running when compared to DAs (Blanchong

et al., 1999); and in the present study, that group had the highest levels of Fos

expression in the MS. Thus, our results suggest that the high levels of running

seen in NAs might be supported by this septaI-hippocampal pathway.

In contrast to the results for the HDB, there appears to be a relationship

between the expression of Fos in orexin producing cells and Fos expression in

the ACh and nACh of the MS and VDB, but only for NAs (Table 2.1). Thus for

these regions of the BF, the somewhat similar profiles of Fos expression seen in
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NAs and DAs may in fact reflect the activation of different neural systems or that

those neural systems are modulating BF neural activation in different ways. A

role for the orexins in inducing Fos expression in the BF of NAs at ZT 16 is not

surprising since at that time these animals are awake and very active (Blanchong

et al., 1999). The DAs, on the other hand, show frequent bouts of sleep at night

(Schwartz and Smale, 2005) and little Fos expression in orexin neurons at ZT 16

(Nixon and Smale, 2004). This is consistent with the view that neural systems

independent of orexinergic activation drive Fos expression in the BF of the DA3.

One possibility related to this idea is that at least for DAs Fos patterns may be

induced by the activation of cells of the BF that play a role in paradoxical sleep.

This is because cells of the BF are not only active during wakefulness, but also

during this sleep stage (Lee et al., 2005).

Our anatomical data revealed that OXA containing fibers form putative

appositions with ACh and nACh neurons in all of the areas studied, regardless of

wheel access or chronotype, suggesting the potential for functional synaptic

relationships between OXA-containing fibers and ACh or nACh neurons in these

regions. It is possible, however, that differences between groups exist at the

quantitative level, in that the number of synaptic contacts between OXA fibers

and cell groups of the BF might differ. That possibility could explain differences in

BF activation between DAs and NAs. However, in the present study we did not

attempt to quantify the number of apparent contacts between OXA-containing

fibers and ACh or nACh neurons.
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Experiment 2: Activation of reward systems

We examined whether temporal patterns of wheel running were

associated with patterns of Fos expression in TH cells of the VTA and SUM.

However, none of the comparisons revealed significant differences. Furthermore,

double-labeled cells were very rare (Fig. 2.8). While there are several potential

explanations for the lack of double-labeled cells in the VTA and SUM of all

groups, it is unlikely that the lack of double-labeling was due to a failure of the

immunocytochemical procedure, since double-labeled cells were easily identified

in the periaqueductal gray of the same sections (data not shown). One possible

explanation for these results is that neural activation in dopaminergic cells of the

reward system is only seen during the initial stage of running wheel access, and

not after continuous access for several days or weeks. In laboratory rats, Fos

expression in TH cells of the VTA is seen after acute exposure to voluntary

wheel-running (Yanagita et al., 2007), as well as after acute exposure to other

rewarding stimuli, especially in the rostral VTA (Asmus and Newman, 1994;

Balfour et al., 2004). However, when animals are exposed repeatedly for several

days to rewarding stimulus such as cocaine, there is a reduction in c-fos mRNA

in the caudate putamen, an area which receives dopaminergic inputs (Ennulat et

al., 1994). These data suggest that even though Fos expression in dopaminergic

neurons is seen after acute reward presentations, repeated exposure to a

rewarding stimulus can produce attenuation of the induction of Fos expression in

dopamine cells of areas related to the reward system, which might be related to

habituation to the stimulus. Thus, our results might reflect attenuation in Fos
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expression in the dopaminergic reward system induced by chronic exposure to

the wheel, after an initial increase when the wheels were first introduced,

resulting in uniform low Fos expression in TH cells across groups. Finally,

another potential explanation is that in dopaminergic cells, early genes other than

Fos are expressed as a result of voluntary wheel running.

In contrast to our observations in TH cells, animals with wheels showed an

increase in Fos expression in nTH cells of the aVTA, and did so regardless of

chronotype (Fig. 2.7). This result is in agreement with those of other studies,

which found that after acute exposure to a rewarding stimulus there is a region-

specific expression of Fos in nTH cells of the VTA, with more Fos seen in rostral

areas than in caudal areas (Hunt and McGregor, 1998; Balfour et al., 2004).

Similarly in the SUM, we observed that DAs and NAs expressed more Fos in

nTH cells than did the Cs (Fig. 2.7). These results are interesting, given the role

that the SUM appears to play in the reward pathway. For example, administration

of the glutamate receptor agonist alpha-amino—3-hydroxy-5-methylisoxazole-4-

propionic acid (AMPA) into the SUM, but not the VTA, produces rewarding

effects (Ikemoto et al., 2004). Furthermore, they suggest that reward experienced

over a relatively long interval may not Involve activation of dopaminergic cell

bodies. However, since some of the rewarding effects mediated by the SUM

involve enhance release of dopamine from axonal terminals in the NAc (Ikemoto

et al., 2004), we can not rule out a role for dopamine in the rewarding properties

of long-term access to a running wheel.
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Expected consequences of the neural activation of components of the

reward system induced by wheel access are. neural changes in regions that

receive inputs from these areas. Components of the reward system, including the

SUM and the VTA, send efferent projections to the BF (Gaykema and Zaborszky,

1996; Pan and McNaughton, 2004), and modulate the neural activity of that

region. For example, stimulation of the VTA induces Fos expression in the MS

and VDB (Sandner et al., 1992). Moreover, stimulation of the SUM is likely to

have effects on the BF since it sends projections to cells of the MS and VDB

(Pan and McNaughton, 2004). Thus, the patterns of Fos expression seen in

some regions of the BF of grass rats with access to wheels may be in part due to

a tonic increase in the activity of the SUM and aVTA. This contribution may be of

particular significance with respect to Fos expression at night in the BF of DAs,

which appears to be independent of the orexinergic system. In addition, changes

in modulation of vigilance states are expected, given the participation of the VTA

and SUM in this function.

SUMMARY AND CONCLUSIONS

One of the main findings of this study is that when diurnal grass rats shift

to a night—active pattern of activity, the effects of that change are not uniform

across arousal systems. Thus, although ACh cells of the HDB show a nocturnal

increase in Fos expression in animals that are voluntarily active at night, that

effect is not seen in other ACh cell groups of the BF known to contribute to the

support of wakefulness (i.e., the MS and the VDB). An increase in nocturnal Fos

expression in NA animals, similar to that seen in the orexinergic system (Nixon
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and Smale, 2004) was almost universally seen in the nACh cells of all regions of

the BF, but apparently only associated with activation of the orexinergic system

for the MS and the VDB, thus providing further evidence for functional differences

in how brain arousal systems respond to a shift in phase preference.

One unexpected observation of this study was that for some of the areas

and cell types, but not all (see the data for the M8) the temporal patterns, and/or

overall levels, of Fos expression of DA animals with wheel access appear similar

to those of NAs. This may be due to an effect of voluntary exercise that is seen

regardless of a shift in phase preference for the display of activity. These

similarities in patterns of Fos expression between DA and NA animals may

nevertheless stem from the activation of different neural systems, since Fos

expression in the MS and VDB was only correlated with Fos expression in the

orexinergic system in the case of NAs, and activation of the BF has been

associated with the display of paradoxical sleep as well as wakefulness (Lee et

al., 2005). Also common to both groups with wheels was an increase in Fos

expression in two specific areas of the brain reward system that also participate

in arousal, the SUM and aVTA. This effect appears to reflect a tonic upregulation

of these brain regions, and was not affected by either ZT or by the display of day-

or night-active patterns of activity.

Because the BF and the brain reward system project widely throughout

the brain, the effects of altered neural activation in those regions are likely to be

seen in a broad range of neural functions and behaviors. For example, since the

MS, VDB and SUM project to the hippocampus, effects on learning and memory
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processes may be expected. In addition, changes in sensory processes and

motivation are likely to occur given the projections of the HDB and those of the

reward system, respectively. The present study suggests these effects may also

occur in other diurnal species, including humans, since voluntary exercise and

voluntary display of activity during the night (e.g., shift work) are widespread

practices around the world (Rajaratnam and Arendt, 2001). Therefore, the diurnal

grass rat represents an interesting model to investigate how daily amount and

temporal distribution of voluntary activity affects the functioning of brain systems

that modulate a variety of important functions including vigilance states and

motivation.
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CHAPTER 3

Neural activation in arousal and reward areas of the brain in

grass rats following induced wakefulness

INTRODUCTION

In modern human society, a significant part of the population is awake

throughout the night due to, for example, job duties or social demands. This

practice poses physiological challenges to the brain and body, since being a

diurnal species, humans have evolved to be active during the day and to be

resting during the night. A body of evidence shows that individuals who work the

night-shift are prone to suffer from late—onset diabetes, gastrointestinal and

cardiovascular disease (reviewed in Rajaratnam and Arendt, 2001), prostate

(Kubo et al., 2006) and breast cancer (Davis et al., 2001; Schernhammer et al.,

2001), among other health problems. Thus, being active during the night appears

to have severe negative consequences for human health. How these

consequences differ depending upon the conditions responsible for nocturnal

activity, including motivational factors, remains to be elucidated.

Work with animal models has shed light on the etiology of some of the

health problems associated with shift work (e.g. Penev et al., 1998; Martino et al.,

2007; Martino et al., 2008; Preuss et al., 2008). However, the interpretation of the

findings becomes problematic because the majority of these studies uses

nocturnal rodents, and also, because the temporal shifts in activity are induced

by the researcher, and not produced voluntarily by the animals. In the diurnal

grass rat, Arvicanthis niloticus, access to a running wheel results in voluntary
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shifts in the temporal distribution of activity in some individuals (night-active; NA),

but not in others (day-active; DA; Blanchong et al., 1999). This makes the grass

rat a suitable model to study the physiological consequences of being voluntarily

active during the natural rest phase of a diurnal species.

In a previous study we found that grass rats that are. actively running

during the night show elevated Fos expression in areas of the brain related to

reward and arousal, such as cholinergic (ACh) and non-cholinergic areas (nACh)

of the basal forebrain (BF), and non-dopaminergic cells (as determined by lack of

tyroxine hydroxylase; TH) of the supramammillary nucleus (SUM) and anterior

VTA (aVTA; Castillo-Ruiz et al., 2010). Our observations about the expression of

Fos in the BF of NA grass rats were not in agreement with those reported for lab

rats that were stimulated to stay awake during their rest phase (Greco et al.,

2000; McKenna et al., 2009). We reasoned that this discrepancy could be related

to the fact that NA grass rats were voluntarily awake, rather than forced to be

awake as it was the case in the experiments with lab rats (Greco et al., 2000;

McKenna et al., 2009). Further, the elevated expression of Fos seen in rewards

areas (i.e., SUM and aVTA) in grass rats with access to wheels suggest that

enhanced voluntary exercise has rewarding properties, which are not likely

shared with situations involving forced wakefulness.

In our previous study we also observed that in animals that were active

during the night there were strong correlations between neural activity in orexin

cells (orexin A and B; OXA and OXB, respectively) and neural activity in ACh and

nACh cells of two major nuclei in the BF- the medial septum (MS) and vertical
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diagonal band of Broca (VDB). We also identified putative appositions between

OXA positive fibers and ACh and nACh cell bodies of the BF. These

observations are in agreement with findings in nocturnal species that suggest

that the orexinergic system modulates the activity of other arousal systems,

including the ACh system (reviewed in Saper et al., 2001). Our previous results

suggest that this might be also the case for diurnal species.

In the present study we evaluated whether in grass rats induced

wakefulness during the night elicits changes in neural activity in arousal and

reward areas similar to those seen in grass rats that voluntarily become active at

night. To assess this question, we examined patterns of Fos expression in the

BF, SUM and aVTA after 6 hours of induced wakefulness by gentle stimulation.

We also included in our analyses other brain areas that are known to promote

wakefulness or sleep —the ventro lateral preoptic area (VLPO), lateral

hypothalamus (LH), tuberomammillary nuclei (TMM), raphe nuclei, locus

coeruleus (LC), and nucleus incertus (Nl)- areas of the brain involved in circadian

control —- suprachiasmatic nucleus (SCN) and ventral subparaventricular zone

(vSPZ), as well as areas related to the stress response - parvocellular and

magnocellular paraventricular nucleus of the hypothalamus (pPVN and mPVN,

respectively). In addition, we investigated how 2 hours of sleep recovery,

following the sleep deprivation episode, influenced neural activation in the same

brain regions. Finally, we used correlational analyses to assess the relationships

between Fos expression in the LH, which is an area rich in OXA and OXB cells,

and Fos expression in other brain areas related to wakefulness and sleep.
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EXPERIMENTAL PROCEDURES

Animals

Twenty-eight adult male grass rats bred in our laboratory were used in this

study. All animals were housed individually in plexiglass cages (17 x 34 x 28 cm)

for at least one month before the behavioral manipulation. The animals were kept

on a 12:12 light-dark cycle with a red light (< 5 lux) on at all times, and were

provided with ad Iibitum access to water and food (Harlan Teklad 8640 rodent

diet, Harlan Teklad Laboratory, Madison, WI). All experiments were performed in

compliance with guidelines established by the National Institutes of Health Guide

for the Care and Use of Laboratory Animals and the Michigan.

Induced wakefulness

Two groups of animals (n=7 per group) were stimulated to stay awake for

6 hours from Zeitgeber time (ZT; lights on at ZT 0) 10 to ZT 16. Wakefulness was

induced by gently touching the animals with a Q-tip when we observed them

showing signs of sleepiness, that is, when they were sitting curled up with their

heads tucked into their bodies or when their eyes were closing as they laid on

their side. After the period of induced wakefulness, one group of grass rats (sleep

deprived group, SD) was perfused immediately; whereas the other group was left

undisturbed for two hours (recovery, R), and perfused at ZT18. Two additional

groups of undisturbed animals (n=7 per group) were perfused at ZT 16 and ZT

18 and were used as control groups for the SD and R groups (CSD and CR,

respectively). Animals that were perfused during the dark phase were fit with an
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aluminum foil hood over their heads to avoid exposure to light. At the time of

perfusion, intraperitoneal injections of sodium pentobarbital (Ovation

Pharmaceutical, Deerfield, IL) were used to deeply anesthetize the animals.

Then, they were intracardially perfused with 0.01 M phosphate buffer saline

(PBS), followed by 4% Paraformaldehyde (Sigma-Aldrich, St. Louis, MD). with 75

mM lysine (Sigma-Aldrich) and 10 mM sodium periodate (Sigma-Aldrich; PLP) in

0.1 M phosphate buffer (PB). Their brains were post-fixed for approximately 4

hours in PLP, and then they were transferred to 20% sucrose solution in 0.1 M

PB overnight at 4°C. Coronal sections were cut on a freezing sliding microtome

at 30 pm, and alternate sections were collected in three series in cryoprotectant

solution at -20°C until further processing.

lmmunocytochemistry (ICC)

Unless indicated othenivise, all ICC procedures were carried out at room

temperature and all incubations involved gentle agitation. In addition, sections

were rinsed 3 times (5min/rinse) in 0.01 M PBS between all the steps of the ICC

protocol, and all incubations included 0.3% Triton X-100 (TX; RPI, Elk Grove

Village, IL; TX).

Basal forebrain

Free-floating sections containing the forebrain were rinsed (6 times, 10

min/rinse) in 0.01 M PBS and blocked for 30 min in 0.01 M PBS with 3%

hydrogen peroxide (J.T. Baker, Phillipsburg, NJ). Then, sections were rinsed in

0.01 M PBS (6 times, 10 min/rinse), blocked for 30 min using 5% normal donkey
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serum (NDS; Jackson ImmunoResearch Laboratories, West Grove, PA) in PBS,

and incubated overnight in a rabbit anti-Fos antibody (Santa Cruz Biotechnology,

Santa Cruz, CA; diluted 1:20,000 in PBS and 3% NDS) at 4° C. The sections

were then incubated for 1 h in a donkey anti-rabbit biotinylated antibody

(Jackson; diluted 1:200 in PBS and 3% NDS), and then for 1 h in avidin-biotin

peroxidase complex (AB complex, 0.9% each avidin and biotin solutions; Vector

Laboratories, Burlingame, CA; in PBS). After 3 rinses (10 min/rinse) in Tris buffer

(pH 7.2), the sections were preincubated in 0.025% diaminobenzidine (DAB;

Sigma-Aldrich) enhanced with 2.5% nickel sulfate (Sigma-Aldrich) in Tris buffer

for 1 min, and then 3% hydrogen peroxide was added for the reaction. After a 2.5

min reaction, the tissue was rinsed 3 times in PBS with 0.03% TX (10 min/rinse),

followed by one rinse in PBS (10 min). Then, sections were blocked for 30 min in

5% normal horse serum (NHS; Vector; in PBS) and incubated overnight in a goat

anti-choline acetyltransferase (ChAT) antibody (Chemicon, Temecula, CA;

diluted 112,000 in PBS and 3% NHS) at 4° C. Following primary incubation, the

sections were incubated for 1 h in a horse anti-goat biotinylated antibody (Vector;

diluted 1:200 in PBS and 3% NHS). Then, the tissue was incubated for 1 h with

A8 complex (0.9% each avidin and biotin solutions; Vector; in PBS). After 3

rinses (10 min/rinse) in Tris buffer, the sections were preincubated with 0.02%

DAB in the same buffer for 1 min, and then hydrogen peroxide (0.35 pl 30%

hydrogen peroxide/ml buffer) was added for the reaction. After a 1 min reaction,

the tissue was rinsed in 0.01 M PBS (4 times, 5 min/rinse). Then, all sections
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were mounted onto gelatin-coated slides, dehydrated, and later coverslipped with

dibutyl phthalate xylene (Sigma-Aldrich; DPX).

Reward systems

Free- floating sections containing the caudal diencephalon and midbrain

were processed for Fos and tyrosine hydroxylase (TH) following ICC procedures

similar to the ones described above, but with the exceptions noted below. The

reaction for Fos staining lasted 3 min. For TH staining, the tissue was blocked

with 5% NHS (Vector; in PBS) for 30 minutes, and then incubated in a mouse

anti-TH antibody (lmmunostar, Hudson, WI; diluted 1: 150,000 in PBS and 3%

NHS) for 24 h at 4° C. The biotinylated secondary antibody incubation with horse

anti-mouse (Vector; diluted 1:200 in PBS and 3% NHS), as well as the AB

complex incubation (in PBS), were both for 1 h. The pre-incubation step with the

DAB solution was for 45 sec, and the reaction with hydrogen peroxide lasted 1.5

min.

ICC quantification

In order to quantify Fos and ChAT expression, we selected three sections

through the medial septum (MS) and vertical diagonal band of Broca (VDB) and

five sections that included the horizontal diagonal band of Broca (HDB). For

every section selected, cells expressing Fos, ChAT, and Fos+ChAT were

counted using a 600 pm (width) by 300 um (height) sampling box placed at the

center of the studied areas. To quantify Fos and TH expression, we selected

three sections through the ventral tegmental area (VTA). These sections
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corresponded to levels 1 to 3 described previously in (Castillo-Ruiz et al., 2010).

Caudal regions of the VTA were not analyzed due to the scarce labeling seen in

those areas. For every section selected, cells expressing Fos, TH, and Fos+TH

were counted using 160 pm x 160 um sampling box placed lateral to the medial

border of the VTA, in an area rich in TH staining, following the criteria outlined in

(Castillo-Ruiz et al., 2010).

We also quantified Fos expression in other brain areas involved in the

regulation of vigilance stage. Sampling boxes were used to count Fos in one

section through each of the following areas: 190 um x 190 pm in the ventrolateral

preoptic area (VLPO); 215 pm (width) x 160 pm (height), the ventral

subparaventricular zone (vSPZ); 100 um (width) x 200 pm (height), the

magnocellular paraventricular nucleus of the hypothalamus (mPVN), the

parvocellular PVN (pPVN); 1200 um (width) x 700 um (height), the lateral

hypothalamus (LH; one hemisphere chosen at random was counted for each

animal); 120 um x 120 pm, the dorsal tuberomammillary (DTM); 150 um x 150

pm, the ventral tuberomammillary (VTM); 160 um x 160, the supramammillary

nucleus (SUM); 150 pm (width) x 650 pm (height), the lateral dorsal raphe (IDR);

150 um (width) x 700 um (height), the median raphe (MR); and 200 pm x 200

pm, the nucleus incertus (NI). Additionally, we quantified Fos in one section of

the medial suprachiasmatic nucleus (SCN). The borders of this nucleus were

determined from Nissl—stained sections through the anterior hypothalamus of a

representative animal. In addition, we counted Fos and/or TH positive cells in 2

sections containing the locus coeruleus (LC) and 3 sections containing the
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median dorsal raphe (mDR). For the LC we used a 400 pm (width) x 700 pm

(height) sampling box. For the mDR, the 3 sections analyzed corresponded to

levels 3 through 5 of the mDR following the nomenclature of (Janusonis et al.,

1999). Levels 1 and 2 of the mDR were not analyzed since Fos staining was rare

in that region and because these levels in the grass rat do not show rhythmic Fos

expression (A. Castillo-Ruiz, unpublished observations). The sampling boxes

used for the analysis of the mDR had the following dimensions: 150 pm (width) x

650 pm (height) for levels 3 and 4; and 160 um x 160 pm for level 5. Figure 3.1

shows the placement of sampling boxes in areas for which such placement has

not been previously shown in published work from our group (Novak et al., 2000;

Nixon and Smale, 2004; Schwartz and Smale, 2005; Castillo-Ruiz et al., 2010).

For areas located distal to the midline, cells were counted bilaterally and

cell numbers were averaged per section. If more than one section was used for

counts, cell numbers were averaged across sections, with the exception of the

VTA and mDR, for which every section was treated as a different level. After the

cell counts were completed, cell counts were divided by the area occupied by the

box for the IDR, as well as for levels 3 and 4 of the mDR. These adjustments

were necessary because for some sections part of the box fell outside the study

area. The results for these areas are expressed as number of cells/mmz. For all

other study areas the results are expressed as number of cells within the

sampling region. All counts were done at 25x, except for the counting of labeled

cells in the LH, which was done at 10x. An investigator unaware of the source of

the tissue collected all the anatomical data.
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Figure 3.1. Rostro-caudal illustrations depicting the sampling areas used to

quantify Fos expression in TH and nTH cells of the IDR, MR, mDR3 (A), mDR4

(B), mDR5 (C), LC (D and E); note that for this area the two sampling levels were

averaged per section and level), as well as overall Fos expression in the NI (E)

and PVN (F). See text for sampling box dimensions. The placement of boxes for

the areas not depicted in the figure has been described previously (see text). (A-

E) scale bar = 1 mm, (F) scale bar = 400 pm.
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To analyze the effect of sleep deprivation and sleep recovery on neural

activation, we compared each treatment group to their control separately (i.e., SD

to CSD and R to CR). We also compared the control groups to each other to

probe for circadian effects on neural activation. We, however, did not compare

the two treatment groups to each other, because of the confounding effect of ZT.

The data rarely met the assumptions of parametric statistical methods, even after

transformations; therefore, all comparisons were done with non-parametric

Mann-Whitney U tests. In addition, we used Pearson’s r correlation tests to

determine if neural activity of the LH was associated with neural activity in other

brain regions. For all comparisons differences were considered significant when

p was less than 0.05 (two-tailed tests). The software used for the statistical

analyses was SPSS 17 (SPSS Inc., Chicago, IL, USA).

RESULTS

Abundant Fos, ChAT, and TH immunostaining was present in the tissue.

While Fos immunoreactivity was observed throughout the brain, ChAT and TH

immunoreactivity was limited to areas of the brain previously described as

cholinergic or dopaminergic respectively in the grass rat, as well as in other

species (Eckenstein and Sofroniew, 1983; Castillo-Ruiz and Nunez, 2007;

Castillo-Ruiz et al., 2010). Significant differences in neural activation among

treatments were seen only in some of the study areas, particularly in areas

related to the modulation of wakefulness and sleep. Figure 3.2 shows, for each

group, the patterns of Fos expression in the areas where significant effects and
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Figure 3.2. Patterns of Fos expression for areas where significant effects and

trends towards significance were observed across groups (A-J). The data are for

overall Fos expression (C — E, G and H), Fos in nACh cells (A and B) and Fos in

nTH cells (I and J). Single asterisks (*) represent significant differences within ZT

(p< 0.05), whereas double asterisks (**) represent significant differences across

ZTs for the control groups (p< 0.05).
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Table 3.1. Fos protein levels (Mean 1 SEM) averaged across groups for the

brain areas where significant effects were not observed. Fos-ir: Fos

immunoreactivity, SEM: standard error of the mean.

 

Mean 1 SEM p-value range

Wakefulness controlling areas

MS % ACh cells containing Fos 1.23 1 0.45 0.23 - 0.81

VDB % ACh cells containing Fos 0.97 1 0.24 0.26 — 0.81

HDB % ACh cells containing Fos 1.06 1 0.16 0.23 — 1.00

# of nACh cells containing Fos 10.37 1 0.91 0.21 - 0.71

mDR3 # of Fos-ir cells/ mm2 139.65 1 19.48 0.23 - 0.62

mDR4 # of Fos-ir cellsl mm2 359.01 1 48.10 0.08 - 0.41

mDR5 # of Fos-ir cells 5.00 1 0.62 0.17 — 0.84

IDR # of Fos-ir cells/ mm2 221.12 1 27.39 0.18 — 0.62

MR # of Fos-ir cells 23.00 1 2.59 0.62 — 1.00

LC # of nTH cells containing Fos 14.51 1 2.30 0.08 - 0.91

NI # of Fos-ir cells 22.24 1 1.76 0.46 - 1.00

Reward related areas

aVTA % TH cells containing Fos 0.11 1 0.08 0.46 — 1.00

mVTA % TH cells containing Fos 0.05 1 0.05 0.71 — 1.00

# of nTH cells containing Fos 0.37 1 0.08 0.23 - 0.46

pVTA % TH cells containing Fos 0.93 1 0.38‘ 0.13 — 1.00

# of nTH cells containing Fos 1.22 1 0.16 0.10 ‘— 0.71

Circadian controlling areas

SCN # of Fos—ir cells 34.48 1 2.45 0.54 - 1.00

vSPZ # of Fos-ir cells 39.38 :I: 2.37 0.41 - 0.63

Areas related to stress responses

mPVN # of Fos-ir cells 13.46 1 1.64 0.45 - 0.95
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non-significant trends were seen, and Table 3.1 shows the patterns of Fos

expression for all other areas.

Patterns of Fos expression in wakefulness and sleep promoting areas

The cholinergic BF: The total number of ACh cells in the MS, VDB, and

HDB did not differ significantly for any comparison (all p values > 0.12). Also, the

numbers of ACh cells that contained Fos in these areas, were not significantly

affected by the treatments (all p values > 0.23). In the MS, however, there was a

significant difference in the expression of Fos in nACh cells between the SD and

CSD groups (U = 7.50, p = 0.03; Fig. 3.2A), with more Fos seen in the SD group.

A non-significant trend for the same effect in nACh cells of these two treatment

groups was observed in the VDB (U = 10.00, p = 0.07; Fig. 3.2B). All other

comparisons in terms of Fos expression in the BF failed to reach statistical

significance (all p values > 0.15).

TMM: In theVTM and DTM, ZT affected Fos expression in the control

groups, with more cells expressing Fos at ZT 18 than at ZT 16 (both areas: U =

5.50, p = 0.02; Fig. 3.20 and 3.20). In the VTM, there was a trend for more Fos

expressed in R compared to CR animals (U = 10.50, p = 0.07; Fig. 3.20). All

other comparisons between $0 and CSD in the VTM and DTM, as well as

between R and CR in the DTM did not reach statistical significance (all p values

> 0.23; Fig. 3.20 and 3.20).

LH: For the LH more cells expressed Fos in the 80 group than in the CSD

group (U = 3.00, p = 0.04). In addition, there was a non-significant trend for

higher Fos expression in the R group than in the CR animals (U = 12.00, p =
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0.07; Fig. 3.2E). But no difference in Fos expression was seen between ZT 16

and ZT 18 for the control groups (U = 12.00, p = 0.13; Fig. 3.2E).

LC: In this region there was a non-significant trend for higher Fos

expression in TH cells of SD in comparison to CSD animals (U = 2.00, p = 0.06;

Fig. 3.2F). None of the other comparisons approached statistical significance (all

p values > 0.08; Fig. 3.2F).

VLPO: In this area there was a significant difference between the SD and

the CSD groups, with more cells expressing Fos in the latter group (U = 0.00, p <

0.01). Also, there was an effect of ZT in the expression of Fos in the control

groups, with more cells expressing Fos at ZT 16 than at ZT 18 (U = 9.00, p =

0.05; Fig. 3.2G). There was, however, no difference between R and CR (U =

17.00, p = 0.23; Fig. 3.2G).

Raphe nuclei and NI: No significant differences were found in these brain

areas among treatment groups (all p values > 0.08; Table 3.1).

Patterns of Fos expression in reward systems

SUM and VTA: None of the comparisons found significant effects in the

total number of TH cells in the VTA and SUM (all p values > 0.23); or in the

numbers of TH cells expressing Fos (all p values > 0.13) for any comparison. In

the SUM, however, there was higher Fos expression in the nTH cells of control

animals at ZT 18 than at ZT 16 (U = 8.50, p = 0.04; Fig. 3.2l). No significant

differences were seen in Fos expression in nTH cells of the SUM between the

SD and the CSD groups (U = 13.00, p = 0.17; Fig. 3.2l), or between the R and

CR groups (U = 23.50, p = 0.61; Fig. 3.2l). In the aVTA of controls, there was a
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non-significant trend for higher Fos expression in nTH cells at ZT 18 than at ZT

16 (U = 8.50, p = 0.07; Fig. 3.2J). However, inspection of the means and their

standard errors suggests substantial overlap between the two sampling times.

All other comparisons in terms of Fos expression in nTH cells in the medial and

audal regions of the VTA failed to reached statistical significance (all p values >

0.09; Table 3.1).

Patterns of Fos expression in circadian controlling areas

SCN and vSPZ: There were no significant differences among treatment

groups in these areas (all p values > 0.41; Table 3.1).

Patterns of Fos expression in stress related areas

PVN: In the mPVN, all comparisons revealed no significant effects among

treatments on Fos expression (all p values > 0.46). In contrast, in the pPVN there

was higher Fos expression at ZT 18 than at ZT 16 in the control groups (U =

4.50, p = 0.01; Fig. 3.2H). Also, there was a non-significant trend for higher Fos

expression in SD than CSD animals (U = 8.00, p = 0.07; Fig. 3.2H). There was,

however, no difference between the R and CR groups (U = 14.50, p = 0.23; Fig.

3.2H).

Neural activation in the LH in relation to other brain regions

In the MS and HDB, we found that Fos expression in both nACH and ACh

cells, was positively correlated with Fos expression in LH cells; whereas in the

VDB, Fos expression in only the nACh cell group was positively correlated with

Fos expression in the LH (Table 3.2). In the LC, we detected a significant
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Table 3.2. Correlations between Fos expression in LH cells and all other areas

analyzed in this study.

LH

 

MS Fos in ACh cells

Fos in nACh cells

VDB Fos in ACh cells

Fos in nACh cells

HDB Fos in ACh cells

Fos in nACh cells

VLPO Overall Fos

SCN Overall Fos

vSPZ Overall Fos

pPVN Overall Fos

mPVN Overall Fos

DTM Overall Fos

VTM Overall Fos

SUM Fos in nTH cells

LC Fos in TH cells

Fos in nTH cells

aVTA Fos in nTH cells

pVTA Fos in nTH cells

mDR3 Overall Fos

mDR4 Overall Fos

mDR5 Overall Fos

IDR Overall Fos

MR Overall Fos

NI Overall Fos

F 0.393*; p= 0.047

F 0.676*; p= 0.000

F 0.105; p= 0.610

F 0721*; p= 0.000

F 0.534*; p= 0.005

F 0.724*; p= 0.000

F -0.164; p= 0.422

F 0.133; p= 0.526

F 0.331; p= 0.106

F 0.759*; p= 0.000

F 0723*; p= 0.000

F 0620*; p= 0.001

F 0.508*; p= 0.011

F 0.617*; p= 0.001

F 0.571*; p= 0.013

F 0.437; p= 0.070

F 0411*; p= 0.037

F 0.049; p= 0.815

F 0.472*; p= 0.020

F 0627*; p= 0.001

F 0491*; p= 0.020

F 0.602*; p= 0.002

F 0438*; p= 0.032

F 0.158; p= 0.471

 

(*) Significant correlation (p < 0.05)
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positive association between Fos expression in TH cells and Fos expression in

LH cells, and a non-significant trend for a positive correlation on that measure

between nTH cells and LH cells (Table 3.2). For all other wakefulness promoting

areas analyzed, overall patterns of Fos expression were positively correlated with

Fos expression in the LH (Table 3.2). In addition, we observed positive

correlations between Fos expression in LH cells and Fos expression in the

pPVN, mPVN, SUM, and aVTA (I'able 3.2). In contrast, patterns of Fos

expression in the SCN, vSPZ, and VLPO were not correlated with Fos

expression in LH cells (Table 3.2).

DISCUSSION

The results on neural activation in the BF, VTA, and SUM following

induced wakefulness are discussed in relation to our previous findings on neural

activation following voluntary wakefulness (Castillo-Ruiz et al., 2010). Overall, we

found that induced and voluntary wakefulness have differential effects on areas

of the brain that regulate arousal and reward.

Patterns of Fos expression in wakefulness and sleep promoting areas

MS, VDB, and H08

In the MS we found that induced wakefulness elicits an increase in neural

activation only in nACh cells (Fig. 3.2A). A trend for a similar effect was observed

in the V08, but this trend did not reach statistical significance (Fig. 3.28).

Interestingly, in our previous study we found that voluntary wakefulness during

the night elicits increased Fos expression in nACh cells in the MS and VDB

(Castillo-Ruiz et al., 2010). Taken together our previous and present results
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suggest that nACh cells of the MS and VDB are responsive to wakefulness per

se, regardless of the procedure that elicits it. It is likely that these nACh cells are

GABAergic or glutamatergic since in nocturnal rodents these are the two other

populations of cells present in the MS and VDB besides ACh cells (Leung and

Shen, 2004; Yoder and Pang, 2005). Jointly these neural populations have as

one of their main roles the regulation of HPC-6 (Leung and Shen, 2004; Yoder

and Pang, 2005; Henny and Jones, 2008). Thus, it is likely that an outcome of

the altered patterns of Fos expression seen in nACh cells of the MS and VDB is

an altered HPC-6, which in turn can have effects on learning and memory,

processes that are modulated by this rhythm (reviewed in Buzsaki, 2002).

In sharp contrast with the data from the MS and VDB, we did not find

evidence for induced wakefulness having an effect on neural activation in the

HDB (Table 3.1). This result contrasts with our previous finding that in NA and

0A grass rats there is elevated Fos expression in ACh and nACh cells of the

HDB at night compared to Fos expression in those cell groups in sedentary

animals (i.e., grass rats singly housed with no running wheels; Castillo-Ruiz et

al., 2010). Hence, unlike the MS and VDB, neural activity in the HDB of grass

rats does not seem to be responsive to wakefulness per se, but maybe

regulated by amount of daily physical activity, independently of the phase of the

light dark cycle in which the activity takes place. There is additional evidence for

effects of physical activity in this region. In lab rats, for example, running in a

wheel for 12 weeks is associated with an increase in the numbers of ACh cells in

the HDB, but not in the MS or VDB (Ang et al., 2006). This may be the result of
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either an increase in neurogenesis, or an increased survival of ACh neurons.

Alternatively, it may be due to an up-regulation in the expression of the gene that

codes for ChAT. Fos expression in the H08 may also be related to the rewarding

effects of wheel running (reviewed in Shenlvin, 1998; see below). We have

evidence for differential neural activation in reward areas of the brains of DA and

NA grass rats in comparison to sedentary animals (Castillo-Ruiz et al., 2010).

Thus, neural activity in the HDB appears to be in part regulated by the reward

system. This claim is supported by the finding that, at least in nocturnal rodents,

reward areas of the brain project to the BF (Gaykema and Zaborszky, 1996).

A common finding with our previous study was that ACh neurons of the

MS and VDB appear to be unresponsive to either induced or voluntary

wakefulness (Castillo-Ruiz et al., 2010). These results in ACh cells of the MS and

VDB in our previous and present studies contrast with those of reports on

nocturnal rodents. For example, in lab rats, 6h of induced wakefulness during the

day, following a procedure similar to the one used in here, elicits high Fos

expression in ACh cells of the V08 and H08, but not in the MS (Greco et al.,

2000). The discrepancies between our results and the findings in nocturnal

rodents could be related to species differences, or to lifestyle differences (i.e.,

being diurnal vs. being nocturnal). Another likely explanation is that the

procedure used to induce wakefulness was more challenging for lab rats than for

grass rats. This is because being nocturnal, lab rats restrict their activity to the

dark phase of the light—dark (LD) cycle, whereas grass rats tend to be active

during a longer interval of the LD cycle , as they show crepuscular bouts of
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activity during the late and early night (McElhinny et al., 1997). Thus, it could be

that for lab rats the sleep deprivation episode overlapped more fully with their

inactive phase, than for grass rats, and hence resulted in more neuronal

activation across the BF in the nocturnal species. Finally, another potential

explanation is that there could be a combined effect of sleep deprivation and ZT.

In our study we induced wakefulness between 2T 10 and ZT 16, whereas in

Greco’s study wakefulness was induced between ZT 6 and ZT 12 (Greco et al.,

2000). This explanation, however, is unlikely since in lab rats only 2 h of sleep

deprivation starting at ZTO, has effects that are similar to the ones reported by

Greco (McKenna et al., 2009).

The neural activity elicited by induced wakefulness in the MS of our grass

rats returns to baseline levels within 2 h after the animals are left undisturbed

(Fig. 3.2A). In lab rats and mice 1-2 h of recovery sleep after 3-6 h of induced

wakefulness produces the same effect, i.e., decreased Fos expression after

sleep recovery, but in different areas of the brain (Basheer et al., 1997; Greco et

al., 2000). Although electroencephalographic data were not collected in our

study, it is likely that there was sleep displayed by the animals during the

recovery period following forced wakefulness, since grass rats show increased

bouts of sleep at this time, even without previous sleep deprivation (Novak et al.,

1999). Sleep at this time is also seen in grass rats with wheel access,

irrespective of their phase preference (Schwartz and Smale, 2005). Interestingly,

we observed in our previous study that specific neural populations of the BF of

0A, NA, and sedentary grass rats had similar patterns of Fos expression during
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the day (Castillo-Ruiz et al., 2010). We argued that the similar patterns of Fos

expression could be explained by the universal display of sleep observed

between ZT 20 and ZT 22 in DA, NA and sedentary grass rats, which may return

Fos expression to baseline levels regardless of presence or absence of

wakefulness earlier in the night (Novak et al., 1999; Schwartz and Smale, 2005).

Our current findings in the R group support that claim.

LH: neural activation and its relation to other wakefulness promoting areas

As observed in the MS, in the LH we found that neural activity was

associated with wakefulness, since the animals that were induced to stay awake

had higher levels of Fos expression than controls in that area (Fig. 3.2E). We

also observed a trend for higher Fos expression in the R group than in the control

group (Fig. 3.2E). Thus, it could be that at for the LH, 2 hours of recovery may

not be sufficient to return neural activity to baseline levels. This contrasts with the

observation that in the MS, neural activity is completely reset by 2 h of recovery

(Fig. 3.2A). Together, these findings suggest that wakefulness-promoting areas

of the brain respond differently to sleep deprivation, with some areas being able

to recover faster than others.

In this study, we did not evaluate the phenotype of the LH neurons that

express Fos. We, however, expect that the majority of these neurons are ,

orexinergic. This is because in grass rats that are voluntarily awake during the

rest phase there is a significant increase in Fos expression in the OXA and OXB

cells of this region. Moreover, Fos expression in these cells is positively
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. correlated with neural activity in ACh and nACh cells of the MS and VDB, but

only in animals that are voluntarily awake during the night (Castillo-Ruiz et al.,

2010). Thus, given the role that orexin cells appear to play in the modulation of

neural activity in other wakefulness promoting areas (reviewed in Saper et al.,

2001), we predicted concordance between neural activation in orexin cells and

neural activation of other wakefulness promoting areas. Using overall Fos

expression in the LH as a proxy for orexin cell activation, we obtained strong

positive correlations between Fos expression in all the wakefulness-promoting

areas analyzed and Fos expression in the LH, with the exception of the NI and

ACh cells of the V08 (Table 3.2). These observations are consistent with the

view that the LH of grass rats modulates neural activity of other wakefulness

promoting areas, as observed in nocturnal rodents (reviewed in Saper et al.,

2001). Moreover, we found strong associations between Fos expression in the

LH and Fos expression in other areas of the brain linked to arousal as well as

reward, such as the SUM, aVTA, and pPVN (Table 3.2). The association

between the LH and the pPVN is of particular interest given the effects that the

orexins have on the stress axis (Kuru et al., 2000; Sakamoto et al., 2004). Taken

together, these results suggest that in the diurnal grass rat there is a network of

areas of the brain that is modulated by the orexins and regulates wakefulness

and reward.

TMM nuclei
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In the VTM and DTM, we did not find an effect of induced wakefulness or

recovery on neural activation (Fig. 3.20 and 3.20). The VTM and DTM show

characteristic patterns of neural activation with higher Fos expression during the

day than during the night (Novak et al., 2000; A. Castillo-Ruiz, unpublished

observations), which are patterns that mirror vigilance states. This could suggest

that these areas are in part responding passively to levels of vigilance. However,

because we do not see a difference between the control groups and the S0 and

R group (Fig. 3. 2C and 3.20), we suggest that instead these areas might be

responding to circadian regulation. Recent observations from our group have

shown that the DTM of grass rats has a daily rhythm in the expression of the

clock genes per 1 and per 2, with higher levels of Per 1 and Per 2 proteins during

the day than during the night (C. Ramanathan, unpublished observation).

Preliminary data suggest that Per 1 is also expressed in the VTM (C.

Ramanathan, unpublished observations), but it remains to be determined

whether the expression of this protein in this area has a circadian pattern. Future

work needs to address the chemical identity of neurons of DTM and VTM that

express clock genes in the grass rat, and whether they have a role in the

circadian orienvironmental control of wakefulness.

Although, in the VTM and DTM, induced wakefulness did not affect neural

activation, ZT had an effect, with Fos expression being higher at ZT 18 than at

ZT 16 in both nuclei (Fig. 3.20 and 3.20). This finding does not necessarily

suggest that these changes in neural activity reflect an increase in wakefulness

at ZT 18. In turn, they may reflect an increase in non-rapid eye movement
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(nREM) sleep around this time. In nocturnal rodents, histaminergic cells of the

TMM nuclei become almost silent during rapid eye movement (REM) sleep,

whereas during nREM sleep they show some activity (reviewed in Saper et al.,

2001). Interestingly, in the VLPO, an area that plays an important role in the

onset of nREM sleep (reviewed in Saper et al., 2001), the pattern of neural

activation observed in our animals was the opposite to the patterns observed in

the TMM nuclei, i.e., higher Fos expression at ZT 16 than at ZT 18. We,

however, did not see a significant association between neural activation in the

VLPO and neural activation in the DTM and VTM (data not shown).

In this study we did not evaluate the phenotype of the neurons that

expressed Fos in the TMM nuclei. In other rodents the DTM and VTM contain

other neurotransmitters besides histamine, such as GABA and galanin

(Airaksinen et al., 1992). In grass rats, we have confirmed that the VTM contains

a cluster of histaminergic cells, but we have failed to identify histaminergic

groups in the DTM (A. Castillo-Ruiz, unpublished observations). Future work

needs to address the chemical identity of DTM neurons in the grass rat, and

whether they have a role in the circadian or environmental control of

wakefulness.

Raphe nuclei

The components of the raphe nuclei examined in this study, namely the 3

subdivisions of the DR and MR, did not show changes in neural activation due to

either induced wakefulness or ZT (Table 3.1). In Syrian hamsters 3 hours of
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sleep deprivation during the mid-rest period, following a procedure similar to the

one used here, do not elicit changes in the 0R or MR, except in serotonergic

cells of the caudal 0R (Webb et al., 2010). Similarly, voluntary activity during the

same interval of time elicits increased Fos in n5HT cells of the caudal 0R (Webb

et al., 2010). In our case, we did not see this differential activation of specific

regions of the DR (Table 3.1). In Syrian hamsters sleep deprivation, with or

without wheel running, during the rest phase produces phase advances of the

rhythm of locomotor activity (Antle and Mistlberger, 2000). The results of several

studies suggest that serotonergic inputs from the raphe to the SCN may mediate

these effects (Grossman et al., 2000). The finding that there is no change in

neural activity in the raphe nuclei of grass rats forced to stay awake, could in part

explain why in grass rats sleep deprivation with (Rose et al., 1999; Schwartz and

Smale, 2005) and without (present results, Table 3.1) physical activity does not

appear to have an effect on the functioning of the SCN pacemaker. It remains to

be determined whether the discrepancies between our findings and the findings

of studies with nocturnal species are due to general species and/or experimental

procedural differences, or if they stem from fundamental differences between

diurnal and nocturnal rodents.

Similarly to the TMM nuclei, the raphe nuclei appeared to be under tight

circadian control. The levels of Fos expression detected in this study between ZT

16 and ZT 18 (Table 3.1) are similar to the levels of Fos expression seen inside

and outside of 5HT cells in grass rats kept undisturbed under a 12-12 light-dark

cycle (A. Castillo-Ruiz, unpublished observations). Future work needs to address
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whether voluntary sleep deprivation has effects on the raphe nuclei not seen

after induced wakefulness in grass rats.

LC

In the LC we also did not find a significant difference among the treatment

groups (Table 3.1 and Fig. 3.2F). However, we observed a non-significant trend

for higher Fos expression in TH cells of the LC in the SD group in comparison to

its control group (Fig. 3.2F). In Syrian hamsters voluntary or forced wakefulness

induced by gentle stimulation for 3h during the regular rest phase does not have

an effect on Fos expression in the LC (Grossman et al., 2000). In contrast,

physical restraint during the same interval of time produces increased Fos

expression in the LC (Grossman et al., 2000). These results with hamsters are in

agreement with the hypothesis that this region is involved in modulating attention

to salient stimuli in the environment (Aston-Jones et al., 1994). Thus, the trend

observed here in the level of Fos expression in TH cells of the LC could reflect an

increase in the animals’ vigilance. This is likely the case, since these animals,

unlike lab rats or other laboratory rodents, do not seem at ease when humans

are in the vicinity. The lack of statistical significance in TH cells of the LC was

probably related to low statistical power.

Nl

The Nl was included in this study because of its role in the modulation of

the HPC-e through its connections with areas of the brain previously studied in
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grass rats, i.e., the SUM, MS, and VDB (Castillo-Ruiz et al., 2010). The NI is part

of an ascending multisynaptic pathway that starts at the brainstem level and

terminates in the hippocampus. In particular, the reticularis pontis oralis nucleus

and the peduncolopontine tegmental nucleus appear to be among the areas of

the brainstem that initiate the HPC-G (Nunez et al., 2006). These areas are

connected to the NI, SUM, MR, MS and VDB through direct and indirect

projections (Goto et al., 2001; Olucha-Bordonau et al., 2003). In addition, the NI

may play a role in the display of activity, since relaxin-3, which is a neuropeptide

produced solely in the NI, modulates the amplitude and distribution of circadian

patterns of wheel running activity (Smith et al., 2009). We, however, did not a find

an effect of induced wakefulness on the neural activity of this nucleus (Table

3.1). This is interesting giving that upstream components of the pathway that

elicits the HPC-e, namely the MS, respond to induced wakefulness (present

results). Thus, our results suggest that following induced wakefulness, functional

dissociations exist among specific brain systems that regulate arousal and

hippocampal activity.

VLPO

The VLPO is an area of the BF that modulates sleep stages; specifically it

appears to play a role in the onset and maintenance of nREM sleep (reviewed in

Saper et al., 2001). In agreement with this role in sleep regulation, we found that

undisturbed animals had higher Fos expression in the VLPO than SD animals

(Fig. 3.2G). We also found that in the VLPO, 2 h of recovery resulted in a return
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of neuronal activity to baseline levels (Fig. 3.2G). Interestingly, in the VLPO, we

saw a decrease in Fos expression in controls at ZT 18 as compared to ZT 16

(Fig. 3.2G). A similar phenomenon was observed when Fos expression in the

VLPO of undisturbed grass rats was compared between ZT 23 and ZT 20 (Novak

et al., 1999). In that study, grass rats had higher levels of Fos expression at ZT

20 than at ZT 23. Given the aforementioned role of the VLPO in nREM sleep

onset (reviewed in Saper et al., 2001), the authors predicted higher levels of Fos

expression in the VLPO in earlier hours of the inactive phase. Our results support

that prediction.

Patterns of Fos expression in the reward system

There is a body of evidence suggesting that wheel running is rewarding.

For example, in lab rats, acute access to a running wheel induces increase

activation in dopaminergic cells of the VTA (Yanagita et al., 2007), an effect also

seen after exposure to conventional rewarding stimuli (Asmus and Newman,

1994; Balfour et al., 2004). Moreover, lab rats not only compromise food and

water intake in favor of wheel running, but also work in order to get access to a

running wheel (reviewed in Sherwin, 1998). In our previous study we found that

voluntary activity, regardless of the chronotype of the animals, elicits higher

expression of Fos throughout the day in two specific components of the reward

system: the SUM and aVTA (Castillo-Ruiz et al., 2010). We hypothesized that

these results were likely to reflect the hedonic aspects of wheel running, and

predicted that in comparison to grass rats that are voluntarily awake, grass rats

forced to stay awake would not show differential patterns of neural activation in
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reward areas. The lack of elevated Fos expression in reward areas seen here

supports that prediction (Table 3.1). However, future work needs to evaluate

whether the effect we previously observed in grass rats with access to wheels is

in fact related to reward rather than to enhanced physical activity.

Patterns of Fos expression in circadian controlling areas

In Syrian hamsters, sleep deprivation induced by either physical activity or

gentle handling induces phase shifts in the rhythm of Fos expression of the SCN

(Antle and Mistlberger, 2000). In addition, in lab rats, sleep deprivation during the

resting phase reduces the amplitude of the neuronal firing rhythm of the SCN

(Deboer et al., 2007), and this effect persists even after 6-7 hours of sleep

recovery (Deboer et al., 2007). Based on these observations, effects on Fos

expression in the SCN of grass rats as a result of forced wakefulness would not

have been surprising. However, we did not detect any changes in the SCN of

sleep deprived grass rats (Table 3.1). This could be explained in part by the fact

that the raphe nuclei, an area that appears to mediate the phase shifting effects

of sleep deprivation in hamsters (Grossman et al., 2000), did not show changes

in neural activation under our experimental conditions.

Another important brain area for circadian control is the vSPZ. This area

receives a heavy projection from the SCN (Watts et al., 1987) and may play a

role in the modulation of SCN output signals (Smale et al., 2008). The vSPZ

regulates rhythms in locomotor activity in both grass rats (Schwartz et al., 2009)

and lab rats (Lu et al., 2001). Moreover, in lab rats the vSPZ appears to play a

role in the circadian regulation of sleep, although the available data are from only
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a few post-surgical days following vSPZ lesions (Lu et al., 2001). Similar to the

results for the SCN, forced sleep deprivation had no effects on the neural activity

of the vSPZ of grass rats (Table 3.1). These observations for the SCN and the

vSPZ are remarkably similar to those seen when grass rats voluntarily stay active

at night (Rose et al., 1999; Schwartz and Smale, 2005), and suggest that key

components of the circadian system of grass rats are refractory to the effects of

sleep deprivation.

Cholinergic projections reach the SCN and vSPZ of grass rats (Castillo-

Ruiz and Nunez, 2007). These projections may originate from the BF and

tegmentum (Castillo-Ruiz et al., 2007), as seen in lab rats (Bina et al., 1993). But

in comparison to nocturnal species, the SCN of grass rats receives fewer

projections from those areas (Castillo-Ruiz et al., 2007).’We do not know if this is

also true for the vSPZ. However, that is likely to be the case, because overall the

vSPZ of grass rats contains relatively few cholinergic fibers (Castillo-Ruiz and

Nunez, 2007). The reduction in inputs to the SCN and vSPZ of grass rats from

cholinergic areas that are active during wakefulness may explain the lack of

responsiveness of these brain regions to forced or voluntary wakefulness during

the normal rest phase of the species (reviewed in Rosenwasser, 2009).

Patterns of Fos expression in areas related to stress responses

In this study, we evaluated whether the procedure used to induce

wakefulness was stressful to grass rats. To that aim, we analyzed the patterns of

Fos expression in the PVN, since conditions that are considered challenging to

an organism, such as exposure to a predator’s odor or immobilization (Ceccatelli
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et al., 1989; Dielenberg et al., 2001), elicit Fos expression in this nucleus. Two

regions of the PVN - the pPVN and mPVN - were included in the analysis given

that they both modulate a variety of physiological and behavioral variables that

accompany the stress response (Jezova et al., 1995; Wotjak et al., 2001;

Herman et al., 2003). Even though we did not find significant effects among the

groups in the mPVN (Table 3.1), we saw a non-significant trend in the pPVN,

with higher Fos expression in the SD group than in the control group (Fig. 3.2H).

This is an indication that the procedure might have been stressful for grass rats.

We also observed an effect of ZT in the pPVN, with higher Fos expression

at ZT 18 than at ZT16 (Fig. 3.2H). This finding is consistent with a previous report

from our group (Nunez et al., 1999), in which a sharp increase in Fos expression

was observed throughout the PVN between ZT 13 and ZT 17. The authors,

however, did not evaluate whether the changes in Fos were restricted to the

pPVN or the mPVN. Our present findings suggest that this increase in Fos

expression was driven primarily by the pPVN. Evidence for a circadian

modulation of the activity of this region is interesting, since there is evidence that

the pPVN participates in the cascades of events that increases glucose

availability before the beginning of the active phase (Leibowitz et al., 1988;

Kalsbeek et al., 2004).

SUMMARY AND CONCLUSIONS

One of the main findings of this study was that in grass rats induced

wakefulness during the resting phase does not produce uniform effects on neural

activation in regions of the brain that promote wakefulness. Moreover, in these
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animals the patterns of neural activation elicited by induced wakefulness in the

BF, SUM, and VTA are strikingly different from the ones produced by voluntary

wakefulness during the night (Castillo-Ruiz et al., 2010). Overall these results

suggest that induced and voluntary wakefulness during the resting phase have

different effects on neural systems involved in wakefulness and reward.

Therefore, different behavioral and physiological outcomes are expected to occur

depending upon the particular protocols used to keep animals awake during their

rest phase. These observations are important for the evaluation of animal models

of human shift work, since researchers use a variety of procedures to induce or

facilitate wakefulness. These range from voluntary (e.g. wheel running in grass

rats; Castillo-Ruiz et al., 2010) to forced wakefulness paradigms (e.g. forced

wheel running in lab rats, Salgado-Delgado et al., 2008). Also, some models of

shift work involve increased physical activity, whereas others demand attentional

and/or cognitive effort (Lee et al., 2009). Most likely, the different approaches

induce different changes in the nervous system that should be identified and

taken into account when evaluating the ecological validity of these animal models

of human night-shift work.

The second main finding was that neural activation observed after induced

wakefulness returns to baseline levels within 2 h of undisturbed rest. In our

previous study, we saw nocturnal elevation of Fos expression in the BF of grass

rats with access to wheels compared to the sedentary controls, but in the

morning, those differences were absent (Castillo-Ruiz et al., 2010). To explain

these results, we proposed that the display of sleep towards the end of the dark
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phase of the LD cycle, which is seen in grass rats regardless of housing

conditions or chronotype, returns to baseline the neural activity in the BF of these

animals (Castillo-Ruiz et al., 2010),.thus abolishing group differences seen at

night. Taken together our previous and present observations suggest that brief

episodes of rest, which occur either acutely (in this study) or daily (in our

previous study), can negate the effects of previous wakefulness on the neural

activity of the BF.

We can not dismiss the possibility that the differential results of the current

and previous study (Castillo-Ruiz et al., 2010) stem from features of the

experimental conditions other than forced vs. spontaneous wakefulness. Those

features include the length of exposure to the procedure and the degree of

physical activity exerted by the animals. That is, in comparison to voluntary

wheel-running, the procedure used to induce wakefulness was acute and only

involved minor increases in general activity. Future work needs to address these

issues. Also, it remains to be addressed whether voluntary and induced

wakefulness has differential effects on neural activation in arousal and reward

areas of the brain depending on age and/or sex. For example, sleep deprived

female rats show enhanced Fos expression in arousal areas of the brain upon

treatment with estradiol (Deurveilher et al., 2008).

Finally, we found that in the grass rat neural activity in most neural groups

that promote wakefulness shows robust correlations with neural activity in the

arousal system located in the LH. In nocturnal rodents, this system has been

postulated to play an important role in the modulation of neural activity of other
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wake-promoting neural groups (reviewed in Saper et al., 2001). The present

study is the first to provide evidence for that hypothesis in a diurnal species.

In summary, our results expand the current understanding of the effects of

wakefulness during the resting phase, followed by sleep recovery, on the neural

substrates that support a wide array of behaviors and brain functions in a diurnal

rodent. When compared to voluntary wakefulness, induced wakefulness

produces different effects in arousal and reward areas of the brain, and in grass

rats sleep deprivation produces results that contrast with those reported for

nocturnal rodents (Basheer et al., 1997; Greco et al., 2000; McKenna et al.,

2009). These observations strongly suggest that we must be very cautious when

generalizing to situations involving human shift workers, the results of

experiments with nocturnal animals that are forced to be awake.
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CHAPTER 4

Rhythmic neural activation in monoaminergic areas of the brain

with access to the cerebrospinal fluid in the diurnal grass rat

INTRODUCTION

Wakefulness is supported by several systems distributed throughout the

mammalian brain, including the histaminergic tuberomammillary nucleus of the

hypothalamus (TMM), and the serotonergic raphe nuclei (reviewed in Jones,

2005). Besides their role in arousal, these areas also have a role in photic and

non-photic entrainment (reviewed in Yannielli and Harrington, 2004;

Rosenwasser, 2009) of circadian rhythms. In agreement with their role in

promoting wakefulness, histaminergic neurons of nocturnal species show

increase activation during the active phase in comparison to the inactive phase of

the animals' activity-rest cycle (Ko et al., 2003; Takahashi et al., 2006). In the

diurnal grass rat, Arvicanthis niloticus, the ventral tuberomammillary nucleus

(\fI'M) shows daily rhythms in the expression of Fos (Novak et al., 2000).The

serotonergic system of crepuscular rodents also shows daily rhythms in Fos

expression that mirror the wake/sleep cycle, but these rhythms only become

evident at the caudal levels of the DR (Janusonis and Fite, 2001). To our

knowledge, whether the raphe nuclei of diurnal species show daily patterns of

neural activation has not been determined.

Given that neural activity in histaminergic and serotonergic areas appears

to be regulated by circadian mechanisms, and that in other arousal systems
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increased neural activity is accompanied by release of neurotransmitters at the

terminal buttons (Greco et al., 1999; Greco et al., 2000); it is likely that the

release of histamine (HA) and serotonin (5HT) into target areas also follows a

circadian pattern. Of particular interest is the choroid plexus (0P) as a possible

target for circadian modulation by histaminergic and/or serotonergic inputs. The

CP is the site of production of the cerebrospinal fluid (CSF), which transports

essential molecules throughout the nervous system. The CP contains receptors

for both 5HT (Watson et al., 1995) and HA (Crook et al., 1986), and both

neurotransmitters influence the metabolism of this area (Crook et al., 1984;

Watson et al., 1995). Serotonin does not appear to exert its modulatory role

through direct synaptic contacts with the CP, but rather, via its release into the

CSF (Chan-Palay, 1976). For HA, details about its interactions with the CP have

yet to be elucidated.

To characterize further the patterns of neural activation in histaminergic

and serotonergic areas in a diurnal species, we measured Fos expression in the

TMM and raphe nuclei in grass rats throughout the 24 h wake/sleep cycle. In

particular, we analyzed Fos expression in the dorsal tuberomammillary (DTM),

VTM, and two major nuclei in the raphe that have been implicated in entrainment

as well as in the support of wakefulness - dorsal raphe (DR) and median raphe

(MR). We also assessed whether, in this species, serotonergic and histaminergic

areas have access to the CSF. We accomplished this by injecting the retrograde

tracer cholera toxin subunit 8 (CTB) into the third ventricle (3V). Finally, we

investigated whether the dense cluster of retrogradely labeled cells observed in
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the 0R after 3V injections of CTB was positive for 5HT. The results provide new

insights on the functioning of monoaminergic brain areas in a diurnal mammal.

These brain areas are known to not only participate in entrainment of rhythms

and the support of wakefulness, but have also been linked to the etiology of

behavioral disorders, such as depression and schizophrenia (Maes and Meltzer,

2000; Arrang, 2007). In addition to sampling these monoaminergic areas, we

measured Fos expression in the supramammillary nucleus (SUM), which is of

interest because of its role in reward and arousal (reviewed in Pan and

McNaughton, 2004; Ikemoto, 2010).

EXPERIMENTAL PROCEDURES

Animals

Adult male grass rats were used in this study. These animals were born in

our laboratory and derived from a group brought from Kenya in 1993 (Katona and

Smale, 1997). Animals were kept on a 12:12 light-dark cycle (L0), and were

provided with ad libitum access to water and food (Harlan Teklad 8640 rodent

diet, Harlan Teklad Laboratory, Madison, WI). All experiments were performed in

compliance with guidelines established by the National Institutes of Health Guide

for the Care and Use of Laboratory Animals and the Michigan State University

Institutional Animal Care and Use Committee.

Experiment 1: Neural activation in monoaminergic areas

1.1. Histology
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Animals (n = 6 per group) were perfused at Zeitgeber times (ZT) 2, 4, 10,

14, 18, and 22 (lights on at ZT 0). To prevent exposure to light animals that were

perfused during the dark phase were fit with an aluminum foil hood over their

heads. Intraperitoneal injections of sodium pentobarbital (Ovation

Pharmaceutical, Deerfield, IL) were used to deeply anesthetize the animals,

before they were intracardially perfused with 0.9% saline, followed by 4% N-

EthyI-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC; Sigma-

Aldrich, St. Louis, MO; pH 7.4) in 0.1 M phosphate buffer (PB, pH 7.4), and then

by 4% Paraformaldehyde (Sigma-Aldrich) with 75 mM lysine (Sigma-Aldrich) and

10 mM sodium periodate (Sigma-Aldrich; PLP) in 0.1 M PB. Their brains were

post-fixed for approximately 4 hours in PLP and then transferred to 20% sucrose

solution in 0.1 M phosphate buffer (PB; pH 7.4) overnight at 4°C. Coronal

sections (30 pm) were cut on a freezing sliding microtome, and alternate sections

were collected in three series in cryoprotectant solution at -20°C until further

processing. One series was used for the co-Iocalization of Fos and 5HT and the

other for Fos and HA. Unless indicated othewvise, all immunocytochemical

procedures were carried out at room temperature and all incubations involved

gentle agitation. In addition, with the exception of experiment 2, sections were

rinsed 3 times (5min/rinse) in 0.01 M PBS between all the immunocytochemical

steps and all incubations included 0.3% Triton X-100 (TX; RPI, Elk Grove Village,

IL; TX). Free-floating sections containing the TMM nuclei and the raphe nuclei

were rinsed (6 times, 10 min/rinse) in 0.01 M PBS, blocked for 1 h using 5%

normal donkey serum (NDS; Jackson lmmunoResearch Laboratories, West
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Grove, PA) in PBS and incubated overnight in a rabbit anti-Fos antibody (Santa

Cruz Biotechnology, Santa Cruz, CA; diluted 1:20,000 in PBS and 3% NDS) at 4°

C. The sections were then incubated for 1 h min in a donkey anti-rabbit

biotinylated antibody (Jackson; diluted 1:200 in PBS and 3% NDS), and then for

1 h in avidin-biotin peroxidase complex (AB complex, 0.9% each avidin and biotin

solutions; Vector Laboratories, Burlingame, CA; in PBS). After 3 rinses (10

min/rinse) in Tris buffer (pH 7.2), the sections were preincubated in 0.025%

diaminobenzidine (DAB; Sigma-Aldrich) enhanced with 2.5% nickel sulfate

(Sigma-Aldrich) in Tris buffer for 1 min, and then 3% hydrogen peroxide (J.T.

Baker, Phillipsburg, NJ) was added for the reaction. After a 5 min reaction, the

tissue was rinsed in PBS (4 times, 10 min/rinse). Then, sections were blocked for

1 h in 5% normal goat serum (NGS; Vector; in PBS) and incubated overnight in a

rabbit anti- 5HT antibody (Protos Biotech Corp., New York, NY; diluted 1210,000

in PBS and 3% NGS) at 4°C. Following primary incubation, the sections were

incubated for 1 h in a goat anti-rabbit biotinylated antibody (Vector; diluted 1:200

in PBS and 3% NGS). Then, the tissue was incubated for 1 h with A8 complex

(0.9% each avidin and biotin solutions, Vector; in PBS). After 3 rinses (10

min/rinse) in Tris buffer, the sections were preincubated with 0.02% DAB in the

same buffer for 1 min, and then hydrogen peroxide (0.35 pl 30% hydrogen

peroxide/ml buffer) was added for the reaction. After a 1 min reaction, the tissue

was rinsed in 0.01 M PBS (3 times, 5 min/rinse). Then, all sections were

mounted onto gelatin-coated slides, dehydrated, and later coverslipped with

dibutyl phthalate xylene (Sigma-Aldrich; DPX).
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1.2. Quantification of the lmmunocytochemistry (ICC)

The ICC for Fos and HA did not produce adequate double labeling,

therefore we limited our study to the analysis of Fos and 5HT in the DR and Fos

in the TMM nuclei. In order to quantify Fos expression in the TMM nuclei, we

selected one section that contained both the VTM and DTM. For the

quantification of Fos and 5HT expression in the raphe nuclei, we selected three

sections containing the medial subdivion of the dorsal raphe (mDR), one

containing the lateral subdivision of this nucleus (IDR), and one of the MR. In

addition, we quantified the expression of Fos in one section containing the SUM.

Sampling boxes of different dimensions were used to quantify Fos and/or

5HT in the studied areas. For the DTM, cells expressing Fos were counted within

a region defined by a 120 um x 120 um box placed on either side of the 3V;

whereas for the VTM, we used a 150 pm x 150 pm box placed on the edge of the

brain. The placement of these boxes was done following the criteria used by

(Novak et al., 2000). For the IDR, the sampling region was defined by a 150 pm

(width) x 650 pm (height) box placed lateral to the mDR, immediately dorsal to

the medial longitudinal fasciculus (Fig. 4.1A). For the mDR, the three sections

analyzed corresponded to levels 3, 4 and 5 following the nomenclature of

(Janusonis et al., 1999), and will be referred to as mDR3, mDR4, and mDR5,

respectively. Levels 1 and 2 were not analyzed since Fos staining was rare in

those regions. The sampling boxes used for mDR3 and mDR4 had the same

dimensions as the box used for the IDR. These boxes were placed in midline,

medial to the dorsal borders of the medial longitudinal fasciculi (Fig. 4.1). The
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sampling box for mDR5 was 160 pm x 160 um and was placed ventral to the

cerebral aqueduct (Aq; Fig. 4.10). For the MR, the sampling region was defined

by a 150 um (width) x 700 um (height) box placed on midline in an area rich in

5HT staining (Fig. 4.1A). Finally, a 160 um x 160 um sampling box was placed in

the caudal SUM as described previously in (Castillo-Ruiz et al., 2010).

Counts were done bilaterally in the DTM, VTM, and IDR, and cell

numbers for these areas were averaged for each section. The mDR, MR, and

SUM did not require this procedure since these regions are located close to the

midline (see Fig. 4.1). In addition, for the IDR and all levels of the mDR cell

counts were divided by the area occupied by their sampling box and the results

2 .

are expressed as number of cells/mm . This procedure was necessary because

for some sections the part of the sampling boxes fell outside the studied areas.

All counts weredone using a 25x objective and performed by an investigator

unaware of the source of the tissue.

To analyze the effect of time on the expression of Fos in and out of 5HT

cells, we used non-parametric Kruskal-Wallis tests. Significant effects of time

were followed by Mann-Whitney U tests. For all comparisons differences were

considered significant when p was less than 0.05. The software used for the

statistical analyses was SPSS 17 (SPSS Inc., Chicago, IL, USA).

Experiment 2: Monoaminergic projections with access to the cerebrospinal

fluid

2.1 Surgical procedures
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Figure 4.1. Rostro-caudal illustrations depicting the sampling areas used to

quantify Fos expression in TH and nTH cells of the IDR, MR, mDR3 (A), mDR4

(B), mDR5 (0). See text for sampling box dimensions. Scale bar = 1 mm.
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Grass rats were deeply anesthetized with isoflurane (Abbott Laboratories,

Abbott Park, II) and their heads were shaved, disinfected with 10% povidone-

iodine (Novation Inc., Irving, TX), and injected subcutaneously (s.c.) with

lidocaine (Hospira Inc., Lake Forest, ll, 6 mglkg). In addition, a so. injection of

buprenex (PharmaForce, lnc., Hiliard, OH, 0.05 mglkg) was given around the

neck area. Then, the animals were placed in a sterotaxic apparatus (Stoelting

00., Wood Dale, II) with the incisor bar placed 6 mm below the center of the ear

bars. A small incision was made on their scalp and a Hamilton syringe (Hamilton

Company, Reno, NW, filled with 20 nanoliters of CTB (10mg/ml; Sigma Aldrich,

St. Louis, MO), was used to deliver the tracer. The syringe was angled at 10

degrees and the coordinates used to determine the injection site were 1.3 mm

lateral and 1.4 mm anterior to bregma. Then, a small hole was drilled above the

target area, and the syringe was lowered to injection depth with the coordinates

obtained in relation to dura (i.e., 6.2 mm ventral to dura). The tracer was

delivered over a 5 minute interval and the syringe was left in place for 15

minutes, and then drawn slowly. The incision was closed with autoclips and

treated with novalsan antiseptic ointment (Fort Dodge Animal Heatlh, Fort

Dodge, IA). To prevent dehydration, all animals received 2 cc of sterile saline

(s.c; Hospira). The animals were left to recover on a heating pad and as post-

operative care received either: (1) buprenex (s.c.) every 12 hours for the first

day, and then ketoprofen (Fort Dodge Animal Heatlh; 5 mglkg) every 24 hours for

the following two days or (2) ketoprofen (so; 5 mglkg) during the first day, and

then meloxicam (Boehringer lngelheim Vetmedica, Inc., St. Joseph, M0; 0.2
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mglkg) delivered in a piece of apple every 24 hours for the following two days.

Seven days after the CT8 injection animals were given an overdose of sodium

pentobarbital (Ovation Pharmaceutical) and then were perfused transcardially

with 0.01 M PBS, followed by PLP. Brains were post-fixed for 4 hours, and then

transferred to 20% sucrose for approximately 48 hours. Then, brains were

sectioned coronally at 30 um on a freezing microtome into 3 series and stored in

cryoprotectant at -20°C.

2.2 ICC procedures

2.2.1. Distribution of retrogradelly labeled cells

Tissue was rinsed (6 times, 10 min/rinse) in tris-buffered saline (TBS) in

0.04% TX, blocked for 30 minutes using 5% normal rabbit serum (NRS; Vector),

and rinsed once in 0.04% TX-TBS. Then, sections were incubated in a goat anti

CTB antibody (List Biological Laboratories, Inc., Campbell, CA; diluted 1:5000 in.

0.04% TX-TBS) for 60 hours at 4°C. After this step, the tissue was rinsed in

0.02% TX-TBS (3 times, 5 min/rinse) and incubated for 2 hours in a rabbit anti

goat antibody (Vector; diluted 1:200 in 0.02% TX-TBS). Then, sections were

rinsed in 0.02% TX-TBS (3 times, 5 min/rinse) and incubated in AB complex

(0.9% each avidin and biotin solutions, Vector; in 0.02% TX-TBS) for 2 hr. After 3

rinses (5 min/rinse) in 0.02% TX-TBS and one rinse (5 min) in TBS, the tissue

was preincubated in 0.01% DAB in 0.1 M PB for 1. 5 min, and then 0.3%

hydrogen peroxide was added for the reaction. After a 20 min reaction, the tissue
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was rinsed in Tris buffer (4 times, 5 min/rinse) and the sections were mounted,

dehydrated, and later coverslipped with DPX.

2.2.2. Distribution of cells labeled for CTB and 5HT

Since CTB cells were absent in the VTM and rare in the DTM (Fig. 4.98),

and because the latter area is not likely to contain HA cells (A. Castillo-Ruiz,

unpublished observations); we limited our double-labeling analysis to CTB and

5HT in mDR3 through mDR5, which were the only regions of the mDR containing

CTB—positive cells. Free-floating sections containing levels 3-5 of the mDR were

rinsed (6 times, 10 min/rinse) in 0.1% TX-PBS, blocked in a solution containing

5% NDS (Jackson) for 30 min, and incubated in a rabbit anti 5HT (Protos

Biotech; diluted 1: 1000 in PBS and 0.03% TX) for 48 hours at 4°C. Then,

sections were rinsed in 0.1% TX-PBS (3 times, 5 min/rinse) and incubated in a

Cy2 donkey anti rabbit antibody (Jackson; diluted 1:100 in PBS and 0.03% TX)

for 2 hours. From this point the tissue was protected from light by covering it with

aluminum foil and by doing all tissue transfers away from strong sources of light.

This was necessary due to the light sensitive nature of the secondary antibodies.

Then, the tissue was rinsed in 0.1% TX-PBS (3 times, 5 min/rinse) and incubated

in a goat anti CTB antibody (List; diluted 1:500 in PBS and 0.03% TX) for 48

hours at 4°C. After three rinses (5 min/rinse) in 0.1% TX-PBS, the sections were

incubated in a Cy2 donkey anti goat antibody (Jackson; diluted 1:100 in PBS and

0.03% TX) for 2 hours and then rinsed in PBS (4 times, 5 min/rinse). Sections

were mounted, dehydrated, and later coverslipped with DPX.
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2.3 Tissue analysis

To examine CTB staining we used a light microscope (Leitz, Laborlux S,

Wetzlar, Germany), whereas to examine colocalization of CTB and 5HT we used

a fluorescent microscope (Zeiss Axioscop 2 plus, Carl Zeiss, Gottingen,

Germany) equipped with green and red filters. Photomicrographs were taken at

40-100x magnification. For confirmation of colocalization of CTB and 5HT we

combined red and green color channels using adobe Photoshop (Adobe

Systems, San Jose, CA).

RESULTS

Experiment 1: Neural activation in monoaminergic areas

Serotonin and Fos immunoreactivity was evident following the ICC

procedures (Fig. 4.2), and significant differences were observed in the

expression of Fos in and outside of 5HT cells in several of the regions sampled.

Figure 4.3 through 6 show the patterns of Fos expression across ZTs for all the

areas where significant differences where found.

Pattems of Fos expression in serotonergic areas

The total number of 5HT cells in the raphe nuclei did not differ significantly

for any comparison (all p values > 0.21). In addition, data on 5TH cells

expressing Fos in the IDR, and mDR3 were not analyzed because double-

labeled cells were very rare in those regions across all groups. Thus, for those

areas only data on Fos expression in n5HT cells are presented, and their
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analysis showed no significant effects of ZT (IDR: X2 = 9.93, df = 5, p = 0.08; and

mDR3: x2: 8.17, df = 5, p = 0.15).

For mDR4 and mDR5 there was a significant rhythm in Fos expression in

5HT cells (x2 = 15.45, df = 5, p < 0.01; and x?- = 15.25, df = 5, p < 0.01,

respectively), with a drop in Fos expression between ZT 18 and ZT 22 (Fig. 4.30

and 4.3E). A rhythmic pattern of Fos expression was also evident in n5HT cells

of mDR4 (X2 = 20.61, df = 5, p < 0.01; Fig. 4.38), with higher Fos expression

between ZT 2 and ZT 14 than between ZT 18 and ZT 22. For mDR5 there was a

non-significant trend for an effect of time on the expression of Fos in n5HT cells

(X2 = 10.29, df = 5, p = 0.07; Fig. 4.30). Finally, in the MR, a rhythm in Fos

expression was present in n5HT cells (X2 = 13.32, df = 5, p = 0.02; Fig. 4.4A) but

not in 5HT cells (X2 = 9.01, df = 5, p = 0.11; Fig. 4.48). The rhythm in n5HT cells

of the MR featured higher Fos expression between ZT2 and ZT 14 than between

ZT 18 and ZT 22 (Fig. 4.4A).

Pattems of Fos expression in the TMM nuclei and SUM

In the DTM, VTM, and SUM there was a significant effect of time on

the expression of Fos (X2 = 19.46, df = 5, p = 0.01; X2 = 11.92, df = 5, p = 0.08;

and X2 = 19.77, df = 5, p < 0.01, respectively). For the VTM, paired comparisons

revealed a decreased in Fos expression between ZT 18 and ZT 22, compared to

all other ZTs, except ZT 14 (Fig. 4.58). For the DTM, paired comparisons

revealed a similar pattern to the VTM, with more cells expressing Fos during the

light phase and early hours of the night than later in the night (Fig. 45A). Finally
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Figure 4.2. Photomicrographs of 5HT cells expressing Fos in the mDR5 at

ZT 10 (A) and ZT 22(8). Arrowheads indicate some double-labeled cells.

Fos: blue nuclear staining. 5HT: brown cell body staining. 4V: fourth ventri—

cle. Scale bar= 50 pm.
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Figure 4.3. Patterns of Fos expression in n5HT cells (A, B, and D) and 5HT cells

(C and E) of the of the mDR3 (A), mDR4 (B and C), and mDR5 (0 and E). Note

that group means with different letters are significantly different from each other,

here as well as in Figures 4, 5, and 6.
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for the SUM, paired comparisons revealed that Fos expression was lower

between ZT 18 and ZT 22 compared to all other ZTs, except ZT 6 (Fig. 4.6).

Experiment 2: Monoaminergic projections with access to the cerebrospinal

fluid

Retrograde tracing

The description of the retrograde tracing after 3V injections of CTB as well

as the observations of colocalization of 0TB and 5HT, are based on data from

one representative animal. The injection of 0TB into the 3V (Fig. 4.7) produced

intense labeling in the ependymal cell layer surrounding the lateral ventricles, 3V,

Aq, and fourth ventricle (4V). A dense cluster of labeled cells was observed in the

caudal DR, specifically in caudal mDR3, and throughout the mDR4 and mDR5

(Fig. 4.90). These labeled cells appeared first in the ventral part of the mDR3,

and more caudally their location gradually migrated to the dorsal part of the 0R.

Labeled processes, that appeared to belong to these cells, were observable

clearly approaching the ependymal cell layer of the Aq and 4V (Fig. 4.90). Only a

few scattered labeled cells were present in the MR. Outside of the raphe nuclei

there was intense labeling of tanycytes in the median eminence (ME; Fig. 4.90)

and scattered cell labeling in the hypothalamus, including the suprachiasmatic

nucleus (SCN; Fig. 4.8), ventral subparaventricular zone (vSPZ; Fig. 4.8), the

paraventricular nucleus of the hypothalamus (PVN; Fig. 4.9A), DTM (Fig. 4.98),

and ME (Fig. 4.90). In animals with injections that extended into the

periventricular hypothalamic region (2 cases), the pattern of labeled cells and
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processes was similar to that produced by 3V injections, but in addition intense

labeling was present throughout the hypothalamus, lateral septum, and

amygdala (data not shown).

CTB and 5HT double-labeling

The distribution and abundance of neurons retrogradely labeled after the

injection of CTB in the 3V were similar in brain sections processed with DAB or

fluorescent ICC (Fig. 4.90 and Fig. 4.100), with the characteristic rostro-caudal

gradient of CTB positive cells extending from the caudal mDR3 to the end of the

mDR5. Between 67 to 80% of the retrogradelly labeled cells of the mDR were

immunopositive for 5HT, and 25-30% of 5HT cells were immunopositive for CTB

in this region (Fig. 4.108).

DISCUSSION

Patterns of Fos expression in the DR and MR

Serotonergic cells

In nocturnal animals, patterns of neuronal firing (Wu et al., 2003) in

serotonergic cells of the raphe nuclei, as well as the release of 5HT from the

raphe to its target areas, including the SCN (Barassin et al., 2002), are increased

during the active phase of the animals. In agreement with these reports, in the

Sudanese grass rat, a diurnal rodent related to our grass rat, release of 5HT in

the SCN is increased during the day, in comparison to the night (Cuesta et al.,

2007). However, that study did not address whether 5HT release occurred

concurrently with increased neural activity in the raphe nuclei. In our grass rats,
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Figure 4.0. Photomicrographs of areas that contained CTB-labeled

cells. Note the scattered cell labeling in the PVN (A), DTM (8), and Arc

(C) in comparison to the dense cell labeling in the mDR5 (0). Arrow-

heads indicate some CTB-labeled cells. (A and 0) scale bar= 50 pm, (8

and 0) scale bar= 100 pm.

128



129

 Figu
r
e
4
.
1
0
.
P
h
o
t
o
m
i
c
r
o
g
r
a
p
h
s
d
e
p
i
c
t
i
n
g

c
e
l
l
s

i
n
t
h
e
m
D
R
5

a
f
t
e
r
s
t
a
i
n
i
n
g
w
i
t
h
C
y
2

l
a
b
e
l
e
d
5
H
T

(
A
,
g
r
e
e
n
fl
u
o
r
e
s
-

c
e
n
c
e
)
a
n
d
C
y
3

l
a
b
e
l
e
d
C
T
B

(
0
,
r
e
d
fl
u
o
r
e
s
c
e
n
c
e
)

i
n
a
r
e
p
r
e
s
e
n
t
a
t
i
v
e
a
n
i
m
a
l
t
h
a
t
r
e
c
e
i
v
e
d
a
C
T
B

i
n
j
e
c
t
i
o
n

d
i
r
e
c
t
e
d
t
o
t
h
e
3
V
.
P
a
n
e
l
B

i
s
a
c
o
m
p
o
s
i
t
e
i
m
a
g
e
s
h
o
w
i
n
g
b
o
t
h

l
a
b
e
l
s
.
W
h
i
t
e
a
s
t
e
r
i
s
k
s
i
n
d
i
c
a
t
e
s
o
m
e
d
o
u
b
l
e
-

l
a
b
e
l
e
d

c
e
l
l
s
.
S
c
a
l
e
b
a
F

1
0
0
u
m
.



we observed increased Fos expression in specific regions of the raphe nuclei

during the active phase (Fig. 4.3). Thus, our results complement those reported

for the Sudanese grass rat. Taken together, these observations suggest that

there is increased delivery of 5HT to target areas during the active phase of

diurnal species.

Interestingly, the increase in Fos expression seen in serotonergic cells

was not evident in all the regions of the raphe. The caudal mDR showed rhythmic

expression of Fos in serotonergic cells (Fig. 4.3), but neither rostral areas of the

mDR nor the MR (Fig. 4.48) and IDR showed rhythmic Fos expression. Ours is

not the first study to reports such rostro-caudal gradient in Fos expression in the

mDR. For example, in the Mongolian gerbil, a crepuscular species, Fos

expression increases during the transitions between lights on and off only in the

caudal mDR (Janusonis and Fite, 2001). In this species, however, the pattern is

evident only in non-serotonergic cells (Janusonis and Fite, 2001). In addition,

subdivisions of the 0R respond differently to stress. In the Syrian hamster, sleep

deprivation induced by physical restraint increases Fos expression selectively in

serotonergic cells of the caudal DR (Webb et al., 2010). In rats inescapable tail

shock elicits Fos expression only in serotonergic cells of the mid-caudal mDR

(Grahn et al., 1999). In contrast, in Syrian hamsters social defeat paradigms

induces Fos expression in serotonergic as well as non-serotonergic cells of the

rostral DR (Cooper et al., 2009). Finally, additional evidence for functional

heterogeneity of DR subdivisions comes from human studies. In humans, binding

of 5HT to 5HT1A autoreceptors is higher in rostral regions of the 0R than in
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caudal regions, and the pattern is modified in depressed individuals who commit

suicide (Boldrini et al., 2008).

In addition to its role in promoting wakefulness, 5HT is involved in a

variety of physiological and behavioral functions including the regulation of neural

activity in the hippocampus (Hajos et al., 2003), dynamics of the CSF (Hung, 93;

see below), and circadian rhythmicity (reviewed in Yannielli and Harrington,

2004). Its role in circadian rhythmicity is of particular interest given that in

nocturnal rodents it modulates circadian responses to non-photic stimuli (i.e.,

phase shifts only during the subjective day; reviewed in Yannielli and Harrington,

2004), such as phase shifts of activity rhythms produced by social interactions or

handling. The DR and MR appear to mediate these phase shifts produced by

non-photic stimuli (Meyer-Bernstein and Morin, 1999). The shifts seen in

nocturnal animals are in sharp contrast to the ones observed in the diurnal

Sudanese grass rat (Cuesta et al., 2007). In this diurnal rodent, the effects of

5HT on the phase of activity rhythms are seen only during the subjective night

(Cuesta et al., 2007). Thus, in diurnal and nocturnal species the effects of 5HT

on the circadian pacemaker seem to be restricted to the rest phase of the

species (Challet, 2007). Interestingly, the phase shifting effects of light, which are

similar in diurnal and nocturnal species (i.e., phase shifts throughout the night in

both diurnal and nocturnal species, reviewed in Smale, 2008) are opposed by

those produced by 5HT agonists in nocturnal rodents (reviewed in Yannielli and

Harrington, 2004), but appear to be facilitated by 5HT agonists in the Sudanese

grass rat (Cuesta et al., 2007). The implications of these observations are
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important for understanding the differential role of 5HT in the circadian regulation

of behavior in diurnal and nocturnal species. These data also inform translational

initiatives, such as the development of drugs that counteract the effects of jet lag

in humans (reviewed in Yannielli and Harrington, 2004).

Non-serotonergic cells

We also detected airostro-caudal gradient in the activation of non-

serotonergic neurons in the mDR. A clear rhythmic pattern was observed in the

mDR4, with higher expression of Fos during the active phase (Fig. 4.38). The

mDR5 showed a similar pattern to that of the mDR4 (Fig. 4.30). There, the lack

of a significant rhythm was likely due to the relatively low power of the statistical

tests. We did not identify the phenotype of these Fos-expressing cells, but in

other species, the DR contains gamma-amino-n-butyric acid (GABA), glutamate,

enkephalins, substance P, galanin, nitric oxide synthase, and dopamine in

addition to 5HT (reviewed in Michelsen et al., 2007). Some of those molecules

might be colocalized with 5HT (reviewed 'in Michelsen et al., 2007). In grass rats,

it is unlikely that dopaminergic cells are the ones expressing the rhythm in Fos.

That is because dopaminergic cells are located in the rostral DR (A. Castillo-

Ruiz, unpublished observations), and, as seen in this study, there is little Fos

expression in that region of the DR of grass rats. Additionally, those non-

serotonergic rhythmic cells are not likely to be GABAergic, since neurons that

contain GABA in the DR only show increased neural activity during sleep and not
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during wakefulness (Yamuy et al., 1995; Maloney et al., 1999; Torterolo et al.,

2000)

Non-serotonergic cells of the MR showed a rhythmic pattern of Fos

expression that also mirrored the activity/rest cycle of grass rats, with higher

levels of Fos expression during the active phase than during the inactive phase

(Fig. 4.4A). Although we did not identify the phenotype of these non-serotonergic,

some might be glutamatergic since in rats cells of that chemical phenotype are

found in the MR (Jackson et al., 2009). Non-serotonergic cells of the MR, as well

as serotonergic cells, have been implicated in the regulation of the hippocampal

theta wave (HPC-G; Jackson et al., 2009). The HPC-G is a hippocampal rhythm

that is observed during wakefulness and rapid eye movement sleep (reviewed in

Buzsaki, 2002). During wakefulness this rhythm is present when animals are

engaged in activities that involve alertness (reviewed in Buzsaki, 2002) and also

appears to be important for spatial navigation (Hasselmo et al., 2002; Ekstrom et

al., 2005). Thus, the increased Fos expression seen in the MR during the day

could be related to its role in the modulation of hippocampal activity during

wakefulness.

Patterns of Fos expression in the TMM and SUM

TMM

The TMM of several nocturnal species contains dense clusters of

histaminergic neurons. These cells are distributed in the ventrolateral TMM (VTM

group), the dorsomedial TMM (DTM group), and caudal TMM (Watanabe et al.,

1984). Histaminergic cells of these areas show peak firing during wakefulness
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(Takahashi et al., 2006), and they also show increase Fos expression at that

times (Ko et al., 2003). Thus, Fos expression in the TMM, as in the case of the

raphe nuclei, can also be used as a proxy for neural activity. Unfortunately, due

to technical difficulties with the double-label ICC, in this study we could not

determine specifically whether histaminergic cells of the TMM showed rhythmic

Fos patterns. We, however, were able to identify overall rhythms of Fos

expression in the VTM and DTM (Fig. 4.5).

In the TMM, we found that both the DTM and VTM had daily patterns of

Fos expression with higher levels seen during the day than during the night (Fig.

4.5). The pattern observed in the VTM (Fig. 4.58) is in agreement with a previous

study with grass rats from our laboratory (Novak et al., 2000), whereas the

pattern observed in the DTM (Fig. 4.5A) conflicts with the results of that report

(Novak et al., 2000). In that experiment, however, only four time points were

sampled. Thus, given that we saw a sharp decrease in Fos expression between

ZT 18 and ZT 22, times that were not sampled in the aforementioned study, it is

likely that the pattern of Fos expression in the DTM was previously missed.

The chemical identity of the neurons that express Fos rhythmically in the

DTM and VTM remains to be elucidated. In other rodents these areas contain not

only HA, but also GABA and galanin (Airaksinen et al., 1992). In grass rats, while

we have been able to identify a cluster of histaminergic cells in the VTM, we have

failed to do so in the DTM (A. Castillo-Ruiz, unpublished observations).

Interestingly, the DTM of the grass rat shows a clear circadian pattern in the

expression of the clock proteins Per 1 and Per 2 (0. Ramanathan, unpublished
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observations) suggesting that even when this area lacks HA, it contains other

molecules that are important for the regulation of circadian rhythmicity.

Preliminary data suggests that Per 1 is also expressed in the VTM (C.

Ramanathan, unpublished observations), although it remains to be determined

whether its expression is circadian, and if it occurs in histaminergic neurons.

Thus, the DTM and VTM neurons may contain extra-SCN oscillators that could

participate in the circadian control of their anatomical targets such as the 0P (see

below). In nocturnal rodents histaminergic groups are known to project directly to

the SCN (reviewed in Harrington et al., 2000), and in, the grass rat SCN there

are histaminergic fibers (0. Alvarez-Baron, unpublished observations). If these

histaminergic projections to the SCN are from cells that show rhythmic

expression of clock genes (i.e., Per 1 and Per2), this circuit would provide a

mechanism for feedback to the master oscillator of the SCN from an extra-SCN

oscillator. Histaminergic projections to the SCN appear to have a role in

modulating photic entrainment (reviewed in Harrington et al., 2000). But, no

studies have addressed the role of HA in circadian rhythmicity in a diurnal

species.

SUM

The SUM, like the MR, plays a role in the modulation of the HPC-G,

through indirect, as well as direct projections to the hippocampus (reviewed in

Pan and McNaughton, 2004). In addition, the SUM plays a role in reward;

exposure to rewarding stimuli elicits neural activation in this area (e.g.
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Marcangione and Rompre, 2008). Moreover, administration of excitatory

glutamate agonists to the SUM induces a conditioned place preference (Ikemoto

et al., 2004). Given that this area not only plays a role in the regulation of

vigilance states, but also in reward, it was expected to show a circadian pattern

of neural activity. Our data confirmed that expectation; neurons of the SUM

displayed daily rhythms in Fos expression, with the highest values in the

transitions between lights on and off, and the lowest values in the mid-day and

night (Fig. 4.6). This pattern is similar to the locomotor activity patterns that grass

rats show in the laboratory under a 12l12 light dark cycle (McElhinny et al.,

1997). This concordance between patterns of Fos expression in the SUM and the

display of activity by the animals is interesting given that a multisynaptic pathway,

which includes the SUM, has been proposed as a modulator of physical activity,

such as voluntary wheel running (Smith et al., 2009). Thus, in grass rats neural

activity in the SUM could influence spontaneous locomotor activity patterns.

Future work is needed to address this possibility.

Monoaminergic projections with access to the CSF

The CSF carries a myriad of molecules throughout the nervous system

including 5HT and HA. Besides their role in the promotion of wakefulness and

circadian rhythmicity (discussed above), 5HT and HA have also been linked to

the etiology of behavioral disorders. For example, in schizophrenics there is an

increase in the amount of HA metabolites in the CSF in comparison to healthy

individuals (Prell et al., 1995). Also in patients with major depression with a

history of suicidal attempts, there is a decrease in 5HT in the CSF in comparison
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to non-suicidal patients (Hou et al., 2006). These phenomena are intriguing given

that HA and 5HT are known to influence metabolism of the 0P (Hung et al.,

1993; Watson et al., 1995), the brain region that produces CSF. But, how are

5HT and HA reaching the CSF? The evidence suggests that a route may be the

direct release of HA (Tillet et al., 1998) and 5HT (Chan-Paley, 1976) into the CSF

from axonal terminals. However, it is unknown whether these cells could release

their contents rhythmically into the CSF. In this study we addressed this question

by analyzing whether CTB injected into the 3V of grass rats would result in the

retrograde labeling of neurons in regions of the brain known to contain

histaminergic and serotonergic cell bodies and to display rhythms in neural

activity.

We found that after the 3V injections of CTB (Fig. 4.7), the caudal mDR

showed strong cell labeling (Fig. 4.90). Furthermore, labeled fibers were seen in

close proximity to the 3V, which suggests that these cells could release their

content directly into the CSF. These findings are in agreement with observations

made in nocturnal lab rats (Mikkelsen et al., 1997; Simpson et al., 1998). In this

species, CTB injections into the 3V produce a distribution of retrogradely labeled

cells similar to the one seen here for grass rats (Fig. 4.8 and 9), with intense

labeling in the. caudal DR, and Scattered cell labeling in areas such as the PVN,

SCN, and MR (Mikkelsen et al., 1997). In contrast, animals with injections

centered in the periventricular region had intense labeling throughout the entire

hypothalamus, amygdala, and lateral septum. Our findings in the hypothalamus

and amygdala are in agreement with previous observations in lab rats (Mikkelsen
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et al., 1997). However, the lateral septum was not mentioned in the study with

lab rats. The discrepancy may be due to species difference or a failure to report

staining in that area.

The labeling of cells in the SCN after ventricular injections of 0TB (Fig.

4.8) is interesting given that diffusible signals released from this nucleus have

been proposed to control circadian activity rhythms (Schwartz and Reppert,

1985; Lehman et al., 1987; Silver et al., 1996). Our results suggest that a

potential route for this control is through the CSF. We also observed a few

labeled cells in the vSPZ (Fig. 4.8), an area that appears to participate in

circadian rhythmicity in the grass rat and in nocturnal rodents (Lu et al., 2001;

Schwartz et al., 2009). The DTM also contained some labeled cells (Fig. 4.98).

These cells, however, are unlikely to be histaminergic, since preliminary

evidence suggests that the DTM of grass rats does not contain histaminergic

neurons (A. Castillo-Ruiz, unpublished observations). It would be important to

determine the phenotype of these cells given that in grass rats the same area

that shows retrograde labeling also shows circadian expression of the clock

genes Per 1 and Per 2 (0. Ramanathan, unpublished observations).

The majority of the retrogradely labeled neurons seen in the caudal DR

appeared to be serotonergic (Fig. 4.108). We found that approximately two thirds

of the CT8 labeled cells of the 0R were positive for 5HT. This contrasts with the

50% reported in lab rats (Mikkelsen et al., 1997). The discrepancy may be due to

species differences or related to the ICC procedure. Interestingly the double-

labeled cells identified in this study were found in the same areas where we
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detected a striking rhythm of Fos expression in 5HT cells (Fig. 4.2 and 4.3).

These observations suggest that 5HT may be released into the CSF in a

rhythmic fashion. Serotonin increases intracellular Ca2+ in the 0P via activation

of the 5HT20 receptor (Watson et al., 1995) and influences the dynamics of Cl-

and K+ channels in the 0P at cellular locations where CSF is released (Hung et

al., 1993). These results together with our anatomical and functional

observations indicate that 5HT may play an important role in the control of CP

functioning, including CSF release.

SUMMARY AND CONCLUSIONS

This study extends to a diurnal species the results of studies with

nocturnal rodents of rhythms of neural activity in monoaminergic regions of the

brain. In the diurnal grass rat, as previously reported for nocturnal rodents,

rhythms in Fos expression in the TMM, and in specific subregions of the 0R are

related to vigilance states, with more Fos expression seen during the active

phase than during the rest phase of the species. It is expected that the increase

in Fos expression in these areas will be associated with increased HA and 5HT

release at synaptic terminals, as is the case for the wakefulness promoting

system of the cholinergic basal forebrain (Greco et al., 1999; Greco et al., 2000).

Therefore, the maximal effects of HA and 5HT in target areas, including the main

pacemaker of the SCN, are likely to be seen during the active phase. The effects

that the 5HT and HA may have on SCN functioning is a subject that warrants

further investigation in diurnal rodents.
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Our observations also provide insights on the functional heterogeneity of

the raphe nuclei in the diurnal grass rat. First, it describes a rostro-caudal

gradient of neural activation in 5HT and n5HT cells of the mDR, with more

activation in caudal areas. Second, it describes specific subpopulations of 5HT

neurons in the caudal mDR that appear to have access to the CSF. Both features

have been reported in other species, but never concurrently in a diurnal animal.

Taken together our results suggest that rhythmic release of 5HT into the CSF

may be involved in circadian control of various functions throughout the nervous

system, including the production of CSF itself (see above). Understanding of the

functional complexity of the raphe nuclei is important, since changes in the

physiology of this nucleus have been linked to human mental health problems

including suicide (Boldrini et al., 2008).

In addition to neurons from the caudalmDR, our anatomical results

indicate that chemical signals from the SCN and the vSPZ could be release

directly into the CSF. This avenue for the control of circadian rhythms has been

proposed before for nocturnal species (Schwartz and Reppert, 1985; Lehman et

al., 1987; Silver et al., 1996). Our study is the first to provide evidence for that

hypothesis in a diurnal mammal.

140



CHAPTER 5

Summary and Conclusions

One-fifth of employees in the USA work evening or night shifts (Presser,

2004), and, in particular, night shifts are associated with impaired cognitive

performance (e.g. Wyatt et al., 1999). For instance, as a result of workers’

mistakes, there is a higher incidence of on-the-job injuries, such as falls and

lacerations, during night shifts than during day-shifts (Fortson, 2004). The

circadian misalignment of areas of the brain that promote wakefulness is

potentially responsible for these deficits.

The consequences of misalignments among different wakefulness-

promoting systems are expected to be seen in species other than humans. In the

wild, for example, there are reports of temporal shifts in activity induced by

predators or competitors (e.g. Fenn and Macdonald, 1995; Harrington et al.,

2009). Humans can also indirectly induce temporal shifts in the activity of other

animals. As an illustration, in urbanized areas, the black-backed jackal is a

nocturnal creature, whereas these animals are diurnal in sites away from urban

development (Fox, 1971). Moreover, humans can Induce these temporal shifts

directly by forcing animals to be awake during their regular resting time. Such is

the case of some performing animals at circuses, animals at 200 exhibits, or

even domestic animals. Thus, given the widespread incidence of these temporal

shifts in activity in humans as well as non-humans, it is of extreme importance to

understand the physiological effects exerted by this phenomenon.
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In this dissertation work, I sought to shed light on those physiological

effects. My focus was on wakefulness promoting areas of the brain, given their

role in cognition and attention (e.g. Blandina et al., 2004; Gonzalez-Burgos and

Feria-Velasco, 2008; Herrero et al., 2008). I evaluated this in the diurnal grass

rat, by taking advantage of the fact that a subset of these animals shows a

voluntary shift in activity when given access to running wheels (Blanchong et al.,

1999). Using this model appears important because of the shortage of studies

that address the problems associated with human shift work in diurnal species.

The main aims of this work were: (i) to evaluate how arousal and reward areas of

the brain respond to self-induced and forced temporal shifts (Chapters 2 and 3),

and (ii) to characterize further the patterns of neural activation in wakefulness-

promoting areas of a diurnal brain (Chapter 4).

In this final chapter, first I provide a discussion of circadian patterns of

neural activation in wakefulness-promoting areas in the grass rat comparing

them to those seen in nocturnal rodents. I also provide a discussion of how these

rhythms might be modulated by environmental stimuli. Then I discuss how

voluntary and induced wakefulness during the inactive phase induce differential

effects in wakefulness-promoting areas in diurnal and nocturnal rodents. I

conclude this chapter by discussing the implications of these findings for humans

as well as non-human animals, and discussing recommendations for further

work.
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Neural activation in wakefulness-promoting areas of the grass rat

Neural rhythms in wakefulness-promoting areas of the brain of nocturnal

species are well characterized. For instance, histaminergic, orexinergic,

cholinergic, noradrenergic and serotonergic cellular populations show increased

neural activation during the active phase as compared to the resting phase

(reviewed in Saper et al., 2001; Jones, 2005). But very little is known about how

these systems function in diurnal species. The work presented in this dissertation

expands these findings to the diurnal grass rat.

In Chapter 4, I reported rhythmic Fos expression in the tuberomammillary

nucleus (TMM) and in specific serotonergic and non-serotonergic areas of the

raphe nuclei, with higher Fos expression during the active phase of grass rats. In

Chapter 2, I described a similar pattern in specific cholinergic as well as non-

cholinergic areas of the basal forebrain (8F; i.e., the patterns seen in the control

groups). In Chapter 4, I also repOrted how Fos patterns in the DR could be

associated with rhythmic release of serotonin (5HT) into the cerebrospinal fluid.

Hence, providing a functional example of how neural patterns of Fos expression

in wakefulness-promoting areas could be related to the physiology of areas that

receive either their synaptic or humoral inputs. Together these findings indicate

that in the grass rat wakefulness-promoting areas show circadian rhythms of Fos

expression that track the activity-rest rhythm of the species, thus validating, in a

diurnal model, what was previously documented only for nocturnal species.

Future work should study other regions that promote wakefulness, but that were

not included in this dissertation. For example, areas such as the nucleus basalis

magnocellularis, which also mediates attention (e.g. Balducci et al., 2003; Harati
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et al., 2008; Botly and De Rosa, 2009) or areas of the pons that control rapid eye

movement (REM) sleep as well as wakefulness (reviewed in Jones, 2005).

In Chapter 3, I reported that rhythms in Fos expression in some but not all

wakefulness-promoting areas are modified by forced temporal shifts in activity.

These changes were observed without any apparent effects on the Fos patterns

in the master oscillator of the suprachiasmatic nucleus (SCN), thus documenting

how environmental changes can override the control of these areas by the SCN.

Areas such as the medial septum (MS) and vertical diagonal band of Broca

(VDB), for example, appear to respond to wakefulness per se (Chapters 2 and

3), whereas the TMM, and raphe appear to be faithful to circadian influences,

even when the organism experiences wakefulness during the normal rest phase

(Chapters 3 and 4). Taken together, the results indicate that under baseline

conditions, the wakefulness-promoting areas of a diurnal brain are mainly

responsive to circadian signals. But, when challenged by forced or voluntary

shifts in the animal’s activity pattern, they respond in different ways, in some

cases deviating from their normal circadian pattern. This also appears to be the

case for some wakefulness-promoting areas of nocturnal species (see below).

Several important questions are raised by these results. First: do these

areas have the molecular machinery to drive Fos rhythms themselves? One way

to evaluate this question is to examine whether wakefulness-promoting areas

express clock genes. Preliminary evidence suggests that the dorsal

tuberomammillary nucleus (DTM) of the grass rat expresses Per 1 and Per 2

rhythmically (C. Ramanathan, unpublished observations), in a similar manner to
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the patterns of Fos expression described in Chapter 4. At this point, however, it is

not known what is the role that Per rhythms play in the DTM, or if other

wakefulness-promoting areas also express clock genes. Also, it is not clear

whether wakefulness-promoting areas of nocturnal rodents express clock genes.

Another set of questions raised by my results relates to the entrainment of

rhythms of neural activity in wake-promoting areas. For example: what are the

stimuli that can entrain those rhythms in Fos expression? Are they entrained

solely by circadian signals from the SCN and lor from local oscillators? Are these

rhythms responsive to other cues, such as light or social stimulation? If so, which

signals are more powerful? Are these signals synergistic or antagonistic? These

are questions that future work needs to address. Especially because some

wakefulness-promoting molecules, such as 5HT and histamine (HA), have been

associated with the etiology of human psychological disorders (Maes and

Meltzer, 2000; Arrang, 2007). Additionally, future work needs to address the role

of the wakefulness-promoting molecules that reach the CSF. In Chapter 4, I

reported that histaminergic and serotonergic areas appear to release their

contents to the CSF. This finding together with that of rhythmic expression of Fos

in those areas (Chapter 4) suggest that the released molecules could exert

circadian effects throughout the brain via this route. My findings also suggest that

the grass rat SCN could orchestrates circadian rhythmicity through its

connections to the CSF (Chapter 4).

Finally, an interesting issue is raised by the findings presented in this

dissertation. All the available data are consistent with the view that the molecular
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clock of the SCN and its phase relation to the light-dark cycle are the same in

diurnal and nocturnal rodents (Caldelas et al., 2003; Lambert et al., 2005;

Ramanathan et al., 2006). Given that the arousal systems are more active during

wakefulness in nocturnal (reviewed in Jones, 2005) and diurnal rodents (Novak

et al., 2000; Martinez et al., 2002; as well as the results reported in this

dissertation), any stimulation of the SCN associated with behavioral state should

impact the SCN clock at opposite phases of its cycle, depending on whether an

animal is diurnal or nocturnal. This is likely to result in different physiological and

behavioral outcomes for diurnal and nocturnal species. This raises the question

of how the circadian time keeping system of diurnal species respond to

stimulation coming from these areas. Potential and not mutually exclusive

answers are: (i) a change of the role of the projections, (ii) a change of

mechanisms mediating the effects of the projections, and (iii) the purging or

reduction of projections. At least for some wakefulness-promoting systems of the

grass rat, the evidence appears to support the third hypothesis. This is because

when the SCN of the grass rat is compared to that of the lab rat, it shows fewer

cholinergic (Castillo-Ruiz and Nunez, 2007), orexinergic (Nixon and Smale,

2007b), as well as histaminergic projections (C. Alvarez-Baron, unpublished

observations). More studies are needed to evaluate the hypotheses outlined

above, and to shed light on the proximate mechanisms that were modified in the

evolution of a diurnal brain from that of a nocturnal ancestor.
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Wakefulness during the inactive phase and its effects on arousal and

reward areas of the brain in diurnal and nocturnal rodents

ln diurnal grass rats, I observed that neural activity in areas that support

wakefulness is modified depending on the paradigm that is used to keep the

animals awake. In Chapter 2, I found that voluntary wakefulness induces Fos

expression in specific populations of cells of the BF of night-active (NA) grass

rats, namely the non-cholinergic MS, VDB, and horizontal diagonal band of Broca

(H08); and the cholinergic H08. In contrast, in Chapter 3, when grass rats were

forced to stay awake only the non-cholinergic MS showed increase Fos

expression. A small but non-significant increase in Fos expression was also seen

in the non-cholinergic VDB. These results are in contrast to those from nocturnal

rodents that are induced to stay awake during their normal resting phase (Greco

etal,2000)

In Chapter 3, I also measured how other wakefulness-promoting areas

responded to forced wakefulness: the lateral hypothalamus (LH), the locus

coeruleus (LC), TMM, and raphe nuclei. At this point I do not know whether these

areas respond to voluntary wakefulness, but I can conclude that patterns of Fos

expression in these areas do not appear to be modified by forced wakefulness,

One possible exception being the LC where a trend towards higher Fos

expression was observed in the sleep deprived (SD) group. In nocturnal rodents,

sleep deprivation induced by a procedure similar to the one used in Chapter 3

produces comparable results in the L0 and raphe (Webb et al., 2010). But, these

patterns differ from those seen when animals are sleep deprived by physical

restraint (Webb et al., 2010). In addition, in Chapter 3, I reported that the LH,
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which contains orexinergic cells, had higher Fos expression in the SD group

(Chapter 3). These findings are similar to those from experiments in which lab

rats are induced to stay awake by gentle handling, novel wheel running, or

physical restraint (Webb et al., 2008). Furthermore, they are in agreement with

observations in the LH of grass rats that are voluntary awake (Nixon and Smale,

2005). Taken together the available data suggest that wakefulness-promoting

areas under baseline conditions are synchronized with each other, and under

tight circadian control. But, that they can decouple from each other and from

circadian control when a challenge, such as sustained wakefulness, is presented

during the resting phase. Evidence for the coupling among wakefulness-

promoting areas was obtained in the correlational studies done in Chapters 2 and

3, which show that the orexinergic systems might play a big role in the

modulation of other wakefulness systems. Additionally, my findings suggest that

specific wake-promoting areas may respond in different ways to environmental

challenges, such as forced wakefulness, depending upon whether the species is

nocturnal or diurnal (Chapter 3). More work is needed to evaluate these possible

species differences. In particular, future experiments should use the same

procedures to induced wakefulness in nocturnal and diurnal animals.

Studies in nocturnal rodents have also shown that the SCN itself is

responsive to temporal changes in activity (Antle and Mistlberger, 2000). The

neural changes in the SCN are also likely to be contingent upon the experimental

paradigm that is used to induce wakefulness. Thus, induction of wakefulness by

gentle handling and exposure to a novel running wheel elicit phase advances,
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but only when presented during the subjective day of nocturnal rodents (reviewed

in Yannielli and Harrington, 2004), whereas inescapable stress, which also keeps

the animals awake, does not elicit any shifts at any phase (Mistlberger et al.,

2003). The phase resetting seen in the SCN of nocturnal rodents is likely due to

the “talk back” from wakefulness-promoting areas to the SCN pacemaker. In fact,

most wakefulness-promoting systems of nocturnal rodents are anatomically well

positioned to have modulatory effects in the SCN via efferent projections to the

pacemaker (reviewed in Rosenwasser, 2009 and Chapter 1). The SCN of grass

rats receives efferent projections from wakefulness-promoting areas, however,

these projections appear to be less prominent in grass rats compared to those of

nocturnal rodents (C. Alvarez-Baren, unpublished observations; Castillo-Ruiz and

Nunez, 2007; Nixon and Smale, 2007b).

In contrast to nocturnal rodents (Antle and Mistlberger, 2000), in grass rats

forced wakefulness did not produce changes in Fos expression in the pacemaker

or in the ventral subparaventricular zone (vSPZ; Chapter 3), an area that might

play a role in circadian modulation in both diurnal (Schwartz et al., 2009) and

nocturnal species (Lu et al., 2001; Abrahamson and Moore, 2006). Moreover,

previous studies have shown that voluntary wakefulness in grass rats does not

produce neural changes either in the SCN or vSPZ (Rose et al., 1999; Schwartz

and Smale, 2005). This was the case even though forced and voluntary

wakefulness in grass rats produced changes in areas that in nocturnal rodents

are known to project to the SCN (i.e. the MS, V08, and H08; Bina et al., 1993)

and affect its functioning (Abbott et al., 2003a; Abbott et al., 2003b; Buchanan
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and Gillette, 2005). These findings suggest that the circadian system of grass

rats is less sensitive to stimulation arising from wakefulness-promoting areas.

This evidence supports the hypothesis of a lesser role for circadian modulation of

wakefulness-promoting areas in a diurnal brain (Castillo-Ruiz and Nunez, 2007).

One possible exception appears to be the influence of serotonergic on the

functioning of the SCN in diurnal and nocturnal species. Thus in the diurnal

Sudanese grass rat serotonergic stimulation of the SCN results in phase

advances in the subjective night, whereas in lab rats the same stimulation also

induces phase advances, but only during the subjective day (Cuesta et al.,

2007). The interactions between the SCN and wakefulness-promoting regions in

diurnal species is a relatively neglected area of research that deserves future

aflenfion.

In Chapters 2 and 3 I also evaluated whether reward areas of the brain

were responsive to voluntary and induced wakefulness. In particular, I analyzed

two main components of the reward system: the supramammillary nucleus

(SUM), and the ventral tegmental area (VTA); areas that are also involved in

arousal (Pan and McNaughton, 2004; Dahan et al., 2007). In Chapter 2, I found

that voluntary wakefulness induced tonic upregulation of Fos in non-

dopaminergic cells of the SUM and anterior VTA (aVTA) in animals with access

to wheels, in comparison to control animals. Increased Fos expression in non-

dopaminergic cells of the aVTA is also seen when nocturnal animals are exposed

to a rewarding stimulus (Hunt and McGregor, 1998; Balfour et al., 2004). In

contrast, in Chapter 3, I reported that forced wakefulness does not induce
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differential Fos expression either in the SUM or aVTA. These findings provide

evidence for rewarding effects of wheel access in grass rats. lntriguingly in

Chapter 4, I reported rhythmic Fos expression in the SUM of grass rats that are

housed with no wheels. The rhythm mirrored the rest/activity cycle of these

animals. My results suggest that the rhythm in the SUM is disrupted when grass

rats have continuous access to a rewarding stimulus. The consequences of

these disruptions need to be evaluated given that the SUM is a part of a circuit

that modulates learning and memory processes (reviewed in Pan and

McNaughton, 2004).

A surprising finding of this dissertation was that neural activation in the BF,

SUM, and aVTA of day-active (DA) grass rats was quite similar to that of NA

grass rats, even though behaviorally these animals were no different from

animals housed with no wheels: DA grass rats are more active during the day,

than during the night (Blanchong et al., 1999), have more bouts of sleep during

the night (Schwartz and Smale, 2005), and eat and drink more during the day (C.

C. Ramanathan, unpublished observations). Furthermore, neural activation of the

orexinergic system and the ventral lateral preoptic areas (VLPO), which

promotes sleep, is similar to that of animals that have no access to wheels

(Novak et al., 1999; Martinez et al., 2002; Nixon and Smale, 2004; Schwartz and

Smale, 2005). However, my results suggest that DA grass rats have

physiological characteristics that make them comparable to NA grass rats. Ad

Iibitum access to a running wheel might be part of the explanation for this

phenomenon. In Chapter 3, I tested that hypothesis by looking at patterns of Fos
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expression in two components of the reward system of the brain that are known

to project to the BF in nocturnal rats: the SUM (reviewed in Pan and

McNaughton, 2004) and VTA (Gaykema and Zaborszky, 1996). The results

appear to support my hypothesis. I found that these areas express more Fos

during day and night in DA and NA grass rats than in controls, suggesting that

these areas could be tonically influencing neural activation in the BF of both DA

and NA grass rats. However, another potential explanation for the similarities

between DA and NA grass rats is that the effects are the byproduct of the

physical activity exerted by the animals. This hypothesis could be easily tested

by stimulating. groups of grass rats to run either during the day or during the night

and then by investigating how reward and wakefulness-promoting areas respond

to the stimulation.

Finally, this dissertation work provides evidence for a therapeutic effect of

sleep on patterns of neural activation. In Chapter 2, I found that regardless of

phase preference for activity, all experimental groups had similar levels of Fos

expression in the BF during the day, even though the patterns were extremely

different during the night. I hypothesized that the universal sleep that is seen in

grass rats towards the end of the dark phase induced the return of Fos

expression to baseline levels. In Chapter 3, I tested that hypothesis by leaving

the animals free to sleep for 2 hours after a period of forced wakefulness. I found

that this amount of time was sufficient to promote the return of Fos expression to

baseline levels in the areas that were affected by the forced wakefulness.

Interestingly, my results show that sleep induces these effects either after acute
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(Chapter 3) or chronic (Chapter 2) exposure to wakefulness during the resting

phase. My results could explain why after a brief nap during the night-shift

humans score better at tasks that measure cognitive performance (Purnell et al.,

2002).

Implications and recommendations

One of the main findings of this dissertation work is that voluntary and

forced wakefulness have differential effects on regions of the brain that support

wakefulness and reward. Thus, for example, working a night shift chosen

voluntarily and a night of mandatory wakefulness are going have different

physiological effects on the brain. A second main finding is that some areas of

the brain that promote wakefulness appear to respond to challenges differently in

diurnal vs. nocturnal species. This observation is worrisome given that mostly

nocturnal species have been evaluated as models to understand the effects of

temporal shifts in activity. Overall my results suggest that findings in nocturnal

species should be interpreted with caution, especially if the results are to be

applied to diurnal species. The findings of this dissertation work are relevant not

only to humans but also to non-human animals, because the latter group also

shows switches in their temporal patterns of activity (see introduction to this

Chapter). This work, therefore, has relevance to a field that is often neglected by

chronobiologists: the field of conservation biology.

A recommendation for the planning of future experiments is to adopt the

use of more diurnal animal models to study the consequences of shifts in the

distribution of daily activity. This is because in mammals, diurnality evolved
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independently several times from nocturnal ancestors(Smale et al., 2003). Thus,

the neural mechanisms that lead to convergent evolution of diurnality might have

been different (i.e., grass rats when compared to the hominids). Another

recommendation is that further work should address how age and/or sex might

be factors modulating neural activation of wakefulness and reward related areas

of diurnal species. This dissertation was done solely using adult male grass rats,

but it is plausible that the effects observed in the study areas might have been

enhanced or attenuated in aged grass rats or in females. For example, rhythms

in Fos expression in the BF of pregnant rats are blunted when compared to non-

pregnant females suggesting that these rhythms can also be modulated by

pregnancy hormones (Schrader, 2009). Also, in female rats estradiol enhances

Fos expression in wakefulness-promoting areas aftersleep deprivation

(Deurveilher et al., 2008).

In addition, future work needs to evaluate the effects of constant exposure

to different levels of light intensity in diurnal models of temporal shifts. This is

because, for example, night shift workers are likely to be exposed to light

throughout the day. Research in nocturnal animals has shown that the constant

exposure to light alters clock properties (reviewed in Pittendrigh and Daan,

1976). Furthermore, in mice even exposure to dim light during the night appears

to alter SCN functioning (Shuboni and Yan, submitted). Given the associations

between the functioning of the SCN and wakefulness-promoting areas (reviewed

in Chapter 1), it is expected that the latter areas are also affected by continuous

exposure to light. This has especial implications for non-human animals. This is
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because the pollution of the environment by artificial night-light is likely to have a

tremendous impact on the behavioral ecology of wild species (reviewed in

Longcore and Rich, 2004).

In sum, this dissertation work provides new insights into the relationships

between wake-promoting systems and the biological clock, as well as wake-

promoting systems and rewarding systems in a diurnal species. Thus, this set of

experiments is relevant not only to the field of chronobiology, but also to human

and non-human health and mental health, as well as to the conservation biology

field.

155



References

Abbott SM, Chang Q, Gold PE, Gillette MU (2003a) Cholinergic regulation of

mammalian circadian rhythms and the sleep-wake cycle. Program No

51214 2003 Abstract Viewer/Itinerary Planner New Orleans, LA: Society

for Neuroscience.

Abbott SM, Chang Q, Gonzalez J, Gillette MU (2003b) The role of cholinergic

projections from the brainstem and basal forebrain to the suprachiasmatic

nucleus: implications for a feedback loop between the sleep-wake and

circadian system. Sleep 23.

Abrahamson EE, Moore RY (2006) Lesions of suprachiasmatic nucleus efferents

selectively affect rest-activity rhythm. Mol Cell Endocrinol 252:46-56.

Airaksinen MS, Alanen S, Szabat E, Visser TJ, Panula P (1992) Multiple

neurotransmitters in the tuberomammillary nucleus: comparison of rat,

mouse, and guinea pig. J Comp Neurol 323:103-116.

Ang ET, Dawe GS, Wong PT, Moochhala S, Ng YK (2006) Alterations in spatial

learning and memory after forced exercise. Brain Res 1113:186-193.

Antle MC, Mistlberger RE (2000) Circadian clock resetting by sleep deprivation

without exercise in the Syrian hamster. J Neurosci 20:9326-9332.

Arrang JM (2007) Histamine and schizophrenia. Int Rev Neurobiol 78:247-287.

Aston-Jones G, Rajkowski J, Kubiak P, Alexinsky T (1994) Locus coeruleus

neurons in monkey are selectively activated by attended cues in a

vigilance task. J Neurosci 14:4467-4480.

Balducci C, Nurra M, Pietropoli A, Samanin R, Carli M (2003) Reversal of visual

attention dysfunction after AMPA lesions of the nucleus basalis

magnocellularis (NBM) by the cholinesterase inhibitor donepezil and by a

5-HT1A receptor antagonist WAY 100635. Psychopharmacology (Berl)

167228-36.

156



Balfour ME, Yu L, Coolen LM (2004) Sexual behavior and sex-associated

environmental cues activate the mesolimbic system in male rats.

Neuropsychopharmacology 29:718-730.

Barassin S, Raison S, Saboureau M, Bienvenu C, Maitre M, Malan A, Pevet P

(2002) Circadian tryptophan hydroxylase levels and serotonin release in

the suprachiasmatic nucleus of the rat. Eur J Neurosci 15:833-840.

Basheer R, Sherin JE, Saper CB, Morgan Jl, McCarley RW, Shiromani PJ (1997)

Effects of sleep on wake-induced c-fos expression. J Neurosci 17:9746-

9750.

Bina KG, Rusak B, Semba K (1993) Localization of cholinergic neurons in the

forebrain and brainstem that project to the suprachiasmatic nucleus of the

hypothalamus in rat. J Comp Neurol 335:295-307.

Blanchong JA, McElhinny TL, Mahoney MM, Smale L (1999) Nocturnal and

diurnal rhythms in the unstriped Nile rat, Arvicanthis niloticus. J Biol

Rhythms 14:364-377.

Blandina P, Efoudebe M, Cenni G, Mannaioni P, Passani MB (2004)

Acetylcholine, histamine, and cognition: two sides of the same coin. Learn

Mem 1121-8.

Boldrini M, UndenNood MD, Mann JJ, Arango V (2008) Serotonin-1A

autoreceptor binding in the dorsal raphe nucleus of depressed suicides. J

Psychiatr Res 42:433442.

Botly LC, De Rosa E (2009) The nucleus basalis magnocellularis contributes to

feature binding in the rat. Physiol Behav 97:313-320.

Brunjes PC (1992) Lessons from lesions: the effects of olfactory bulbectomy.

Chemical senses 17:729- 763.

Buchanan GF, Gillette MU (2005) New light on an old paradox: site-dependent

effects of carbachol on circadian rhythms. Exp Neurol 193:489-496.

Buzsaki G (2002) Theta oscillations in the hippocampus. Neuron 33:325-340.

157



Caldelas l, Poirel VJ, Sicard B, Pevet P, Challet E (2003) Circadian profile and

photic regulation of clock genes in the suprachiasmatic nucleus of a

diurnal mammal Arvicanthis ansorgei. Neuroscience 116:583-591.

Castillo-Ruiz A, Nunez AA (2007) Cholinergic projections to the suprachiasmatic

nucleus and lower subparaventricular zone of diurnal and nocturnal

rodents. Brain Res 1151:91-101.

Castillo-Ruiz A, Schwartz MD, Smale L, Nunez AA (2007) Sources of cholinergic

projections to the suprachiasmatic nucleus in the diurnal grass rat, #

633.7. Abstract Viewer/Itinerary Planner San Diego, CA Society for

Neuroscience.

Castillo-Ruiz A, Nixon JP, Smale L, Nunez AA (2010) Neural activation in arousal

and reward areas of the brain in day-active and night-active grass rats.

Neuroscience 165:337-349.

Challet E (2007) Minireview: Entrainment of the suprachiasmatic clockwork in

diurnal and nocturnal mammals. Endocrinology 148:5648-5655.

Chan-Palay V (1976) Serotonin axons in the supra- and subependymal plexuses

and in the leptomeninges; their roles in local alterations of cerebrospinal

fluid and vasomotor activity. Brain Res 102:103-130.

Colwell CS, Michel S (2003) Sleep and circadian rhythms: do sleep centers talk

back to the clock? Nat Neurosci 6:1005-1006.

Cooper MA, Grober MS, Nicholas CR, Huhman KL (2009) Aggressive

encounters alter the activation of serotonergic neurons and the expression

of 5-HT1A mRNA in the hamster dorsal raphe nucleus. Neuroscience

161 :680-690.

Crook RB, Farber MB, Prusiner SB (1984) Hormones and neurotransmitters

control cyclic AMP metabolism in choroid plexus epithelial cells. J

Neurochem 42:340-350.

Crook RB, Farber MB, Prusiner SB (1986) H2 histamine receptors on the

epithelial cells of choroid plexus. J Neurochem 46:489-493.

158



Cuesta M, Mendoza J, Clesse D, Pevet P, Challet E (2007) Serotonergic

activation potentiates light resetting of the main circadian clock and alters

clock gene expression in a diurnal rodent. Exp Neurol.

Dahan L, Astier B, Vautrelle N, Urbain N, Kocsis B, Chouvet G (2007) Prominent

burst firing of dopaminergic neurons in the ventral tegmental area during

paradoxical sleep. Neuropsychopharmacology 32: 1 232-1 241.

Deboer T, Detari L, Meijer JH (2007) Long term effects of sleep deprivation on

the mammalian circadian pacemaker. Sleep 30:257-262.

Deboer T, Vansteensel MJ, Detari L, Meijer JH (2003) Sleep states alter activity

of suprachiasmatic nucleus neurons. Nat Neurosci 6:1086-1090.

Deurveilher S, Semba K (2005) Indirect projections from the suprachiasmatic

nucleus to major arousal-promoting cell groups in rat: implications for the

circadian control of behavioural state. Neuroscience 130:165-183.

Deurveilher S, Cumyn EM, Peers T, Rusak B, Semba K (2008) Estradiol

replacement enhances sleep deprivation-induced c-Fos immunoreactivity

in forebrain arousal regions of ovariectomized rats. Am J Physiol Regul

Integr Comp Physiol 295:R1328-1340.

Dwyer SM, Rosenwasser AM (2000) A noradrenergic mechanism influences the

circadian timing system in rats and hamsters. Biological Rhythm Research

31 :355-373.

Eikelboom R, Lattanzio SB (2003) Wheel access duration in rats: ll. Day-night

and within-session changes. Behav Neurosci 117:825-832.

Ekstrom AD, Caplan JB, Ho E, Shattuck K, Fried I, Kahana MJ (2005) Human

hippocampal theta activity during virtual navigation. Hippocampus 15:881-

889.

Ennulat DJ, Babb S, Cohen BM (1994) Persistent reduction of immediate early

gene mRNA in rat forebrain following single or multiple doses of cocaine.

Brain Res Mol Brain Res 26:106-112.

159



Farkas B, Vilagi I, Detari L (2002) Effect of orexin-A on discharge rate of rat

suprachiasmatic nucleus neurons in vitro. Acta Biol Hung 53:435-443.

Fenn MGP, Macdonald DW (1995) Use of Middens by Red Foxes - Risk

Reverses Rhythms of Rats. J Mammal 76:130-136.

Fortson KN (2004) The diurnal pattern of on-the-job injuries. Monthly labor

review: 1 8-25.

Fox M (1971) Behaviour of wolves, dogs, and related canids. Malabar, Florida:

Harper & Row.

Gaykema RP, Zaborszky L (1996) Direct catecholaminergic-cholinergic

interactions in the basal forebrain .2. Substantia nigra-ventral tegmental

area projections to cholinergic neurons. J Comp Neurol 374:555-577.

Gonzalez-Burgos l, Feria-Velasco A (2008) Serotonin/dopamine interaction in

memory formation. Prog Brain Res 172:603-623.

Grahn RE, Will MJ, Hammack SE, Maswood S, McQueen MB, Watkins LR,

Maier SF (1999) Activation of serotonin-immunoreactive cells in the dorsal

raphe nucleus in rats exposed to an uncontrollable stressor. Brain Res

826235-43.

Greco MA, McCarley RW, Shiromani PJ (1999) Choline acetyltransferase

expression during periods of behavioral activity and across natural sleep-

wake states in the basal forebrain. Neuroscience 93:1369-1374.

Greco MA, Lu J, Wagner D, Shiromani PJ (2000) c-Fos expression in the

cholinergic basal forebrain after enforced wakefulness and recovery sleep.

Neuroreport 11:437-440.

Grossman GH, Mistlberger RE, Antle MC, Ehlen JC, Glass JD (2000) Sleep

deprivation stimulates serotonin release in the suprachiasmatic nucleus.

Neuroreport 1 1 :1929-1932.

Hajos M, Hoffmann WE, Weaver RJ (2003) Regulation of septo-hippocampal

activity by 5-hydroxytryptamine(2C) receptors. J Phannacol Exp Ther

306:605-615.

160

 



Harati H, Barbelivien A, Cosquer B, Majchrzak M, Cassel JC (2008) Selective

cholinergic lesions in the rat nucleus basalis magnocellularis with limited

damage in the medial septum specifically alter attention performance in

the five-choice serial reaction time task. Neuroscience 153272-83.

Harrington LA, Harrington AL, Yamaguchi N, Thom MD, Ferreras P, Windham

TR, Macdonald DW (2009) The impact of native competitors on an alien

invasive: temporal niche shifts to avoid interspecific aggression? Ecology

90:1207-1216.

Harrington ME, Biello SM, Panula P (2000) Effects of histamine on circadian

rhythms and hibernation. Biological Rhythm Research 31 :374-390.

Hasselmo ME, Hay J, llyn M, Gorchetchnikov A (2002) Neuromodulation, theta

rhythm and rat spatial navigation. Neural Netw 15:689-707.

Herrero JL, Roberts MJ, Delicato LS, Gieselmann MA, Dayan P, Thiele A (2008)

Acetylcholine contributes through muscarinic receptors to attentional

modulation in V1 . Nature 454:1110-1114.

Hoffman GE, Le WW (2004) Just cool it! Cryoprotectant anti-freeze in

lmmunocytochemistry and in situ hybridization. Peptides 25:425-431.

Hou C, Jia F, Liu Y, Li I. (2006) CSF serotonin, 5-hydroxyindolacetic acid and

neuropeptide Y levels in severe major depressive disorder. Brain Res

1095:154-158.

Hung BC, Loo DD, Wright EM (1993) Regulation of mouse choroid plexus apical

Cl- and K+ channels by serotonin. Brain Res 617:285-295.

Hunt GE, McGregor IS (1998) Rewarding brain stimulation induces only sparse

Fos-like immunoreactivity in dopaminergic neurons. Neuroscience 83:501-

515.

lkemoto S (2010) Brain reward circuitry beyond the mesolimbic dopamine

system: A neurobiological theory. Neurosci Biobehav Rev (in press).

161

 



Ikemoto S, Panksepp J (1999) The role of nucleus accumbens dopamine in

motivated behavior: a unifying interpretation with special reference to

reward-seeking. Brain Res Brain Res Rev 3126-41.

Ikemoto S, Witkin BM, Zangen A, Wise RA (2004) Rewarding effects of AMPA

administration into the supramammillary or posterior hypothalamic nuclei

but not the ventral tegmental area. J Neurosci 24:5758-5765.

Jackson J, Bland BH, Antle MC (2009) Nonserotonergic projection neurons in the

midbrain raphe nuclei contain the vesicular glutamate transporter

VGLUT3. Synapse 63:31-41.

Janusonis S, Fite KV (2001) Diurnal variation of c-Fos expression in subdivisions

of the dorsal raphe nucleus of the Mongolian gerbil (Meriones

unguiculatus). J Comp Neurol 440231-42.

Janusonis S, Fite KV, Foote W (1999) Topographic organization of serotonergic

dorsal raphe neurons projecting to the superior colliculus in the Mongolian

gerbil (Meriones unguiculatus). J Comp Neurol 413:342-355.

Jones BE (2005) From waking to sleeping: neuronal and chemical substrates.

Trends Pharmacol Sci 26:578-586.

Jones BE (2008) Modulation of cortical activation and behavioral arousal by

cholinergic and orexinergic systems. Ann N Y Acad Sci 1129:26-34.

Katona C, Smale L (1997) Wheel-running rhythms in Arvicanthis niloticus.

Physiol Behav 61 :365-372.

Ko EM, Estabrooke IV, McCarthy M, Scammell TE (2003) Wake-related activity

of tuberomammillary neurons in rats. Brain Res 992:220-226.

Kubo T, Ozasa K, Mikami K, Wakai K, Fujino Y, Watanabe Y, Miki T, Nakao M,

Hayashi K, Suzuki K, Mori M, Washio M, Sakauchi F, Ito Y, Yoshimura T,

Tamakoshi A (2006) Prospective cohort study of the risk of prostate

cancer among rotating-shift workers: findings from the Japan collaborative

cohort study. Am J Epidemiol 164:549-555.

162



Lambert CM, Machida KK, Smale L, Nunez AA, Weaver DR (2005) Analysis of

the prokineticin 2 system in a diurnal rodent, the unstriped Nile grass rat

(Arvicanthis niloticus). J Biol Rhythms 20:206-218.

Lee MG, Hassani OK, Alonso A, Jones BE (2005) Cholinergic basal forebrain

neurons burst with theta during waking and paradoxical sleep. J Neurosci

25:4365-4369.

Lee TM, Paolone G, Sarter M (2009) Prior daily practice of a sustained attention

task during the light phase evokes a diurnal behavioral activity pattern and

a task time-synchronized increase in prefrontal cholinergic

neurotransmission, # 574.7. Abstract Viewer/Itinerary Planner Chicago, ll

Society for Neuroscience.

Lehman MN, Silver R, Gladstone WR, Kahn RM, Gibson M, Bittman EL (1987)

Circadian rhythmicity restored by neural transplant. lmmunocytochemical

characterization of the graft and its integration with the host brain. J

Neurosci 721626-1638.

Longcore T, Rich C (2004) Ecological light pollution. Frontiers in Ecology and the

Environment 22191-198.

Lu J, Zhang YH, Chou TC, Gaus SE, Elmquist JK, Shiromani P, Saper CB (2001)

Contrasting effects of ibotenate lesions of the paraventricular nucleus and

subparaventricular zone on sleep-wake cycle and temperature regulation.

J Neurosci 21 :4864-4874.

Madeira MD, Pereira PA, Silva Sm, Cadete-Leite A, Paula-Barbosa MM (2004)

Basal forebrain neurons modulate the synthesis and expression of

neuropeptides in the rat suprachiasmatic nucleus. Neuroscience 1252889-

901.

Maes M, Meltzer HY (2000) The serotonin hypothesis of major depression. In:

Psychopharmacology - The fourth generation of progress (Bloom FA,

Kupfer DJ, eds): Lippincott Williams & Wilkins.

Maloney KJ, Mainville L, Jones BE (1999) Differential c-Fos expression in

cholinergic, monoaminergic, and GABAergic cell groups of the

pontomesencephalic tegmentum after paradoxical sleep deprivation and

recovery. J Neurosci 19:3057-3072.

163



Marcangione C, Rompre PP (2008) Topographical Fos induction within the

ventral midbrain and projection sites following self-stimulation of time

posterior mesencephalon. Neuroscience 154:1227-1241.

Martinez GS, Smale L, Nunez AA (2002) Diurnal and nocturnal rodents show

rhythms in orexinergic neurons. Brain Res 955:1-7.

Martino TA, Oudit GY, Herzenberg AM, Tata N, Koletar MM, Kabir GM, Belsham

DD, Backx PH, Ralph MR, Sole MJ (2008) Circadian rhythm

disorganization produces profound cardiovascular and renal disease in

hamsters. Am J Physiol Regul Integr Comp Physiol 294:R1675-1683.

Martino TA, Tata N, Belsham DD, Chalmers J, Straume M, Lee P, Pribiag H,

Khaper N, Liu PP, Dawood F, Backx PH, Ralph MR, Sole MJ (2007)

Disturbed diurnal rhythm alters gene expression and exacerbates

cardiovascular disease with rescue by resynchronization. Hypertension

49:1104-1113.

McElhinny TL, Smale L, Holekamp KE (1997) Patterns of body temperature,

activity, and reproductive behavior in a tropical murid rodent, Arvicanthis

niloticus. Physiol Behav 62:91-96.

McKenna JT, Cordeira JW, Jeffrey BA, Ward CP, Winston S, McCarley RW,

Strecker RE (2009) c-Fos protein expression is increased in cholinergic

neurons of the rodent basal forebrain during spontaneous and induced

wakefulness. Brain Res Bull 80:382-388.

Meyer-Bernstein EL, Morin LP (1999) Electrical stimulation of the median or

dorsal raphe nuclei reduces light-induced FOS protein in the

suprachiasmatic nucleus and causes circadian activity rhythm phase

shifts. Neuroscience 92:267-279.

Michelsen KA, Schmitz C, Steinbusch HW (2007) The dorsal raphe nucleus--

from silver stainings to a role in depression. Brain Res Rev 55:329-342.

Mikkelsen JD, Hay-Schmidt A, Larsen PJ (1997) Central innervation of the rat

ependyma and subcommissural organ with special reference to ascending

serotoninergic projections from the raphe nuclei. J Comp Neurol 3841556-

568.

164



Mistlberger RE, Antle MC, Webb IC, Jones M, Weinberg J, Pollock MS (2003)

Circadian clock resetting by arousal in Syrian hamsters: the role of stress

and activity. Am J Physiol Regul Integr Comp Physiol 2851R917-925.

Nixon JP, Smale L (2004) Individual differences in wheel-running rhythms are

related to temporal and spatial patterns of activation of orexin A and B

cells in a diurnal rodent (Arvicanthis niloticus). Neuroscience 127225-34.

Nixon JP, Smale L (2005) Orexin fibers form appositions with Fos expressing

neuropeptide-Y cells in the grass rat intergeniculate leaflet. Brain Res

1053:33-37.

Nixon JP, Smale L (2007a) A comparative analysis of the distribution of

immunoreactive orexin A and B in the brains of nocturnal and diurnal

rodents. Behav Brain Funct 3:28.

Nixon JP, Smale L (2007b) A comparative analysis of the distribution of

immunoreactive orexin A and B in the brains of nocturnal and diurnal

rodents. Behavioral and Brain Functions 3:28.

Novak CM, Smale L, Nunez AA (1999) Fos expression in the sleep-active cell

group of the ventrolateral preoptic area in the diurnal murid rodent,

Arvicanthis niloticus. Brain Res 818:375-382.

Novak CM, Smale L, Nunez AA (2000) Rhythms in Fos expression in brain areas

related to the sleep-wake cycle in the diurnal Arvicanthis niloticus. Am J

Physiol Regul Integr Comp Physiol 278:R1267-1274.

Nunez A, Cervera-Ferri A, Olucha-Bordonau F, Ruiz-Torner A, Teruel V (2006)

Nucleus incertus contribution to hippocampal theta rhythm generation. Eur

J Neurosci 23:2731-2738.

Nunez AA, Bult A, McElhinny TL, Smale L (1999) Daily rhythms of Fos

expression in hypothalamic targets of the suprachiasmatic nucleus in

diurnal and nocturnal rodents. J Biol Rhythms 14:300-306.

Oddie SD, Stefanek W, Kirk IJ, Bland BH (1996) Intraseptal procaine abolishes

hypothalamic stimulation-induced wheel-running and hippocampal theta

field activity in rats. J Neurosci 16:1948-1956.

165



Osada T (1997) Effects of CRH and LHRH on rat septo-hippocampal neurons.

Endocr J 44:519-525.

Pan WX, McNaughton N (2004) The supramammillary area: its organization,

functions and relationship to the hippocampus. Prog Neurobiol 74:127-

166.

Paxinos G, Watson C (1997) The rat brain in stereotaxic coordinates, 3rd Edition.

San Diego: Academic Press. .

Penev PD, Kolker DE, Zee PC, Turek FW (1998) Chronic circadian

desynchronization decreases the survival of animals with cardiomyopathic

heart disease. Am J Physiol 275:H2334-2337.

Pittendrigh CS, Dean S (1976) A functional analysis of circadian pacemakers in

nocturnal rodents. J Comp Physiol 106:333-355.

Prell GD, Green JP, Kaufmann CA, Khandelwal JK, Morrishow AM, Kirch DG,

Linnoila M, Wyatt RJ (1995) Histamine metabolites in cerebrospinal fluid

of patients with chronic schizophrenia: their relationships to levels of other

aminergic transmitters and ratings of symptoms. Schizophr Res 14:93-

104.

Presser HB (2004) Working in a 24l7 economy: challenges for american families.

In: Long working hours, safety, and health: toward a national research

agenda. University of Maryland, Baltimore, Maryland.

Preuss F, Tang Y, Laposky AD, Arble D, Keshavarzian A, Turek FW (2008)

Adverse effects of chronic circadian desynchronization in animals in a

"challenging" environment. Am J Physiol Regul Integr Comp Physiol

295:R2034-2040.

Purnell MT, Feyer AM, l-lerbison GP (2002) The impact of a nap opportunity

during the night shift on the performance and alertness of 12-h shift

workers. J Sleep Res 11:219-227.

Radulovic J, Sydow S, Spiess J (1998) Characterization of native corticotropin-

releasing factor receptor type 1 (CRFR1) in the rat and mouse central

nervous system. J Neurosci Res 54:507-521.

166



Rajaratnam SM, Arendt J (2001) Health in a 24-h society. Lancet 358:999-1005.

Ramanathan C, Nunez AA, Martinez GS, Schwartz MD, Smale L (2006)

Temporal and spatial distribution of immunoreactive PER1 and PER2

proteins in the suprachiasmatic nucleus and peri-suprachiasmatic region

of the diurnal grass rat (Arvicanthis niloticus). Brain Res 1073-10742348-

358.

Rose S, Novak CM, Mahoney MM, Nunez AA, Smale L (1999) Fos expression

within vasopressin-containing neurons in the suprachiasmatic nucleus of

diurnal rodents compared to nocturnal rodents. J Biol Rhythms 14:37-46.

Rosenwasser AM (1996) Clonidine shortens circadian period in both constant

light and constant darkness. Physiol Behav 60:373-379.

Rosenwasser AM (2009) Functional neuroanatomy of sleep and circadian

rhythms. Brain Res Rev 61:281-306.

Salgado-Delgado R, Angeles-Castellanos M, Buijs MR, Escobar C (2008)

Internal desynchronization in a model of night-work by forced activity in

rats. Neuroscience 154:922-931.

Sandner G, Di Scala G, Rocha B, Angst MJ (1992) C-fos immunoreactivity in the

brain following unilateral electrical stimulation of the dorsal periaqueductal

gray in freely moving rats. Brain Res 573:276-283.

Saper CB, Chou TC, Scammell TE (2001) The sleep switch: hypothalamic

control of sleep and wakefulness. Trends Neurosci 24:726-731.

Sauvage M, Steckler T (2001) Detection of corticotropin-releasing hormone

receptor 1 immunoreactivity in cholinergic, dopaminergic and

noradrenergic neurons of the murine basal forebrain and brainstem nuclei-

-potential implication for arousal and attention. Neuroscience 104:643-

652.

Schrader J (2009) Plasticity in the circadian system: changing rhythms in

reproducing female rodents. In, pp xviii, 171 leaves: Michigan State

University Dept of Zoology, 2009.

167



Schwartz MD, Smale L (2005) Individual differences in rhythms of behavioral

sleep and its neural substrates in Nile grass rats. J Biol Rhythms 20:526-

537.

Schwartz MD, Nunez AA, Smale L (2009) Rhythmic cFos expression in the

ventral subparaventricular zone influences general activity rhythms in the

Nile grass rat, Arvicanthis niloticus. Chronobiol lnt 26:1290-1306.

Schwartz WJ, Reppert SM (1985) Neural regulation of the circadian vasopressin

rhythm in cerebrospinal fluid: a pre-eminent role for the suprachiasmatic

nuclei. J Neurosci 5:2771-2778.

Schwartz WJ, Reppert SM, Eagan SM, Mooreede MC (1983) In vivo metabolic

activity of the suprachiasmatic nuclei: a comparative study. Brain

Research 274:184-187.

ShenNin CM (1998) Voluntary wheel running: a review and novel interpretation.

Anim Behav 56:11-27.

Shiromani PJ (1998) Sleep circuitry, regulation, and function: lessons from c-Fos,

Leptin, and Timeless. Prog Psychobiol Physiol Psychol 17:67- 90.

Silver R, LeSauter J, Tresco PA, Lehman MN (1996) A diffusible coupling signal

from the transplanted suprachiasmatic nucleus controlling circadian

locomotor rhythms. Nature 382:810-813.

Simpson KL, Fisher TM, Waterhouse BD, Lin RC (1998) Projection patterns from

the raphe nuclear complex to the ependymal wall of the ventricular system

. in the rat. J Comp Neurol 399261-72.

Smale L, Lee T, Nunez AA (2003) Mammalian diurnality: some facts and gaps. J

Biol Rhythms 18:356-366.

Smale L, Nunez AA, Schwartz MD (2008) Rhythms in a diurnal brain. Biological

Rhythm Research 39:305-318.

Smith CM, Downer NL, Hossain AM, Lawrence AJ, Bathgate RAD, Wade JD,

Sutton SW, Gundlach AL (2009) Relaxin-3/RXFP3 systems in mouse

brain: RXFP3 agonist/antagonist and relaxin-3 gene-deletion studies

168



suggest roles in behavioral activation, arousal and exploration-related

tasks, # 773.7. Abstract Viewer/Itinerary Planner Chicago, ll Society for

Neuroscience.

Takahashi K, Lin JS, Sakai K (2006) Neuronal activity of histaminergic

tuberomammillary neurons during wake-sleep states in the mouse. J

Neurosci 26: 1 0292-1 0298.

Tillet Y, Batailler M, Panula P (1998) Histaminergic neurons in the sheep

diencephalon. J Comp Neurol 400:317-333.

Torterolo P, Yamuy J, Sampogna S, Morales FR, Chase MH (2000) GABAergic

neurons of the cat dorsal raphe nucleus express c-fos during carbachol-

induced active sleep. Brain Res 884268-76.

Watanabe T, Taguchi Y, Shiosaka S, Tanaka J, Kubota H, Terano Y, Tohyama

M, Wada H (1984) Distribution of the histaminergic neuron system in the

central nervous system of rats; a fluorescent immunohistochemical

analysis with histidine decarboxylase as a marker. Brain Res 295:13-25.

Watson JA, Elliott AC, Brown PD (1995) Serotonin elevates intracellular Ca2+ in

rat choroid plexus epithelial cells by acting on 5-HT2C receptors. Cell

Calcium 17:120-128.

Watts AG, Swanson LW, Sanchez-Watts G (1987) Efferent projections of the

suprachiasmatic nucleus: l. Studies using anterograde transport of

Phaseolus vulgaris leucoagglutinin in the rat. J Comp Neurol 258:204-229.

Webb lC, Patton DF, Hamson DK, Mistlberger RE (2008) Neural correlates of

arousal-induced circadian clock resetting: hypocretin/orexin and the

intergeniculate leaflet. Eur J Neurosci 27:828-835.

Webb IC, Patton DF, Landry GJ, Mistlberger RE (2010) Circadian clock resetting

by behavioral arousal: neural correlates in the midbrain raphe nuclei and

locus coeruleus. Neuroscience 166:739-751.

Wilson DA, Fletcher ML, Sullivan RM (2004) Acetylcholine and olfactory

perceptual learning. Learn Mem 11:28-34.

169



Wu MF, John J, Boehmer LN, Yau D, Nguyen GB, Siegel JM (2003) Activity of

dorsal raphe neurons across the sleep-waking cycle and during cataplexy

in narcoleptic dogs. J Physiol 554:202-215.

Wyatt JK, Ritz-De Cecco A, Czeisler CA, Dijk DJ (1999) Circadian temperature

and melatonin rhythms, sleep, and neurobehavioral function in humans

living on a 20-h day. Am J Physiol 2772R1152-1163.

Yamuy J, Sampogna S, Lopez-Rodriguez F, Luppi PH, Morales FR, Chase MH

(1995) Fos and serotonin immunoreactivity in the raphe nuclei of the cat

during carbachol-induced active sleep: a double-labeling study.

Neuroscience 672211-223.

Yanagita S, Amemiya S, Suzuki S, Kato Y, Kubota N, Kita l (2007) The

comparison of acute spontaneous and forced exercise on activation of

several brain areas related to psychological responses. Neuroscience

Research 58:S165-S165.

Yannielli P, Harrington ME (2004) Let there be "more" light: enhancement of light

actions on the circadian system through non-photic pathways. Prog

Neurobiol 74:59-76.

Zaborszky L, Duque A (2003) Sleep-wake mechanisms and basal forebrain

circuitry. Front Biosci 8:d1146-1169.

170



MICHIGAN STATE UNIVERSITY LIBRARIES

 

3 129313063 7890


